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Succession of protistan
functional traits is influenced by
bloom timing

Bérangére Péquin ®", Richard LaBrie ®*",
Nicolas Fortin St-Gelais ® and Roxane Maranger

Département des sciences biologiques, Groupe de Recherche Interuniversitaire en Limnologie,
Université de Montréal, Montréal, QC, Canada

Surface ocean eukaryotic phytoplankton biogeography can be determined as
chlorophyll-a using remote sensing techniques yet evaluating its community
composition remains limited. Given our ability to track site-specific
chlorophyll-a concentration, we tested which factors influenced protistan
functional trait distribution, and whether the distributions can be inferred
from bloom succession. Here we surveyed the Labrador Sea during spring
over three consecutive years, sequenced 18S data over 15 stations and
collected satellite-derived chlorophyll-a concentration from March to July
for each year. We evaluated changes in distribution of taxonomic composition
as well as the functional traits of protistan size, trophic strategy (defined as
phototrophy, phagotrophy, and mixotrophy as capable of both), motility and
dimethylsulfoxide or dimethylsulfoniopropionate production by building a
functional trait database after an extensive literature review. More variability
in the biogeography of protistan functional traits was explained across water
masses, and among years than taxonomic composition and patterns in trait
variability were more apparent when site-specific timing of peak chlorophyll-a
was considered. We found that reconstructing bloom phenology using days
before peak (DBP) chlorophyll explained a significant amount of variability in
functional trait community structure that was previously attributed to water
masses or years, suggesting that spatial and interannual variations can be
explained by the sampling moment during succession. Approximately 30
days prior to peak, mixotrophy as a trophic strategy was replaced by
phototrophic protists of typically larger size classes. Our work suggests DBP
influences protistan community trait succession that could inform
biogeochemical models, and likely acts a proxy for the onset of stratification.
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Introduction

Protistan communities in the surface ocean are taxonomically
and functionally highly diverse, with a biomass distribution that is
patchy in both space and time, which challenges our ability to assess
the biogeography of protistan communities at different scales
(Kostadinov et al., 2017). Remote sensing techniques have
improved our understanding of near-surface spatial and temporal
changes in chlorophyll-a concentrations, a proxy for biomass of all
organisms capable of phototrophy, and this technology enables us
to determine the interannual variability in peak chlorophyll at any
location in the ocean (Brody et al., 2013; Marchese et al., 2019).
Although elucidating protistan taxonomic and functional
community structure using remote techniques seems promising
(Uitz et al., 2015), this remains a challenge (Kudela et al., 2017).
Functional traits are defined as the shared physiological,
morphological, molecular, and behavioral characteristics of
individual taxa that allows for the integrations of multiple taxa
into broader trait categories (Violle et al., 2007; Barton et al., 2013;
Hebertetal.,2017). In fact, given the incredible taxonomic diversity
of protists (Adl et al,, 2019), linking protistan community
composition to major biogeochemical cycles may be best
achieved by converting taxonomic composition into functional
traits (e.g., Litchman et al., 2007; Finkel et al., 2010; Barton et al,
2013; Ward and Follows, 2016). As such, assessing how protistan
traits are distributed spatially and temporally enables a better
quantification of their role in different ecosystem functions.

One of the most common functional traits used to understand
biogeochemical fluxes like the vertical carbon export and energetic
trophic transfer is protistan cell size (Finkel et al., 2010; Key et al,,
2010; Ward and Follows, 2016). Measuring other protistan
functional traits directly, however, can be a challenge (Selosse
et al,, 2017; Stoecker et al., 2017), which often limits their broader
use in ecosystem models (Petchey and Gaston, 2006; Irwin and
Finkel, 2017). Fortunately, several functional traits can be inferred,
such as trophic strategy, motility, dimethylsulfoxide or
dimethylsulfoniopropionate (DMS) production, cell stoichiometry,
and toxin production among others (Yoch, 2002; Stoecker et al.,
2009; Flynn et al,, 2018). Mixoplankton, defined here as taxa having
the capacity to perform both phototrophy and phagotrophy (Flynn
etal,, 2019), are now recognized as a major component in food webs
(Ward and Follows, 2016; Leles et al,, 2017). These mixoplankton
have the distinctive functional trophic strategy trait of mixotrophy,
as opposed to being purely phototrophic (as with phytoplankton) or
heterotrophic (protozooplankton). Although the functional trait of
mixotrophy is highly plastic and occurs along a continuum
(Maranger et al., 1998; Flynn et al, 2013), the potential of
mixotrophy as a trophic strategy is known to occur in specific
taxa (Stoecker et al., 2017; Wilken et al., 2020), and as such, can be
identified as a potential discrete trait. Identifying what factors
influence the relative distribution of multiple protistan functional
traits and how these may co-vary over time with other factors would
improve our assessments of major biogeochemical fluxes.

Frontiers in Marine Science

02

10.3389/fmars.2022.916093

The biogeography of individual plankton traits has been
broadly characterized at the global scale based on species
distribution as a function of general ocean circulation models
(Barton et al.,, 2013). In this aforementioned study, protistan size,
mixotrophy (defined in their study as the combination of auto- and
heterotrophic nutrition), and the N-fixation capacity of
bacterioplankton were considered broadly in space, but other
traits of interest could include motility, DMS production, cell
stoichiometry, and toxin production among others (Yoch, 2002;
Stoecker etal.,2009; Flynn etal.,, 2018). Traits may vary significantly
over time and are driven not only primarily by nutrient and light
availability but the onset of stratification, which arguably controls
the availability of both (Sverdrup, 1953; Marra et al., 2015).
Unfortunately, identifying the moment of stratification at large
regional spatial scales is not possible; however, remote sensing
techniques do permit the identification of the moment of peak
chlorophyll-a in surface waters, which we argue that this may act as
a proxy for the timing of stratification. This may be particularly the
case in north temperate regions where deep winter convection
occurs. Indeed, it has been hypothesized that a systematic
succession in protistan functional traits leads up to a bloom
(Lewandowska et al., 2015), but the latter has never been tested.
Therefore, understanding when a sample was collected relative to
peak chlorophyll-a concentration could provide insight into the
functional trait community structure of protists.

In order to test this hypothesis and characterize the factors
that influence the biogeographical distribution of protistan traits,
we sampled a transect in the Labrador Sea at the same time over
three consecutive years. The Labrador Sea is a site of deep and
variable convective mixing during winter (Yashayaev and Loder,
2016), replenishing nutrients to the surface. As such, the onset of
stratification is critical for establishing the spring bloom, whose
timing and extent are highly variable in this region (Marchese
et al., 2019). Furthermore, the region is composed of physically
and chemically distinctive water masses creating different
ecological niches, therefore favoring different phytoplankton
species (Vallina et al., 2017) resulting in a regional taxonomic
biogeography (Fragoso et al., 2016). The main goals of this study
were to explore which factors could explain the variation in this
biogeography using protistan community functional traits,
assess if there was co-variation among traits, and evaluate
whether the timing of peak chlorophyll-a (or bloom timing), a
proxy for the onset of stratification, influenced this pattern.

Materials and methods
Sampling site

Sampling was carried onboard the R/V CCGS Hudson, in
collaboration with the Bedford Institute of Oceanography (BIO,

Department of Fisheries and Ocean Canada) as part of the
VITALS (Ventilation, Interactions, and Transport Across the
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Labrador Sea) research program. Sampling was conducted on
the AR7W (Atlantic Repeat Hydrography Line 7 West, Figure
S1) during the two first weeks of May in 2014 (day of year 125-
136), 2015 (day of year 129-138) and 2016 (day of year 126-136)
in the Labrador Sea. Water was collected using a CTD-rosette
(conductivity, temperature, and depth) mounted with 24 Niskin
bottles of 10 L (2014 and 2015) or 12 L (2016) at 2- and 30-
meters depth and transported to the shipboard laboratory in
acid-washed polyethylene carboys. Seven stations were sampled
in 2014, 8 in 2015 and 6 in 2016 (Table S1 for details), for a total
of 21 stations.

Chemical analysis, chlorophyll a, and
bacterial production

Dissolved organic carbon (DOC), nutrients, chlorophyll a and
bacterial production (BP) are described in full details in LaBrie et al.
(2020). Briefly, samples for DOC were filtered with 0.7 pm pre-
combusted glass fiber filters (Whatman, UK), acidified to pH 2 with
ACS grade HCI, stored at 4°C until analysis using the high
temperature catalytic oxidation (HTCO) method on a TOC-
Vepn analyzer (Shimadzu, Japan). Samples for nitrate (NO3) and
phosphate (PO}") were determined using routine colorimetric
methods with a Bran and Luebbe Autoanalyzer II (SEAL
Analytical, WI, USA). Chlorophyll a was extracted in 90%
acetone and analyzed fluorometrically following Holm-Hansen
et al. (1965). BP was measured following a modified version of
Smith and Azam (1992). 1.5 ml of samples were incubated in the
darkat4°Cwith (3,4, 5.3 H]-L-leucine (~10 nM final concentration,
Perkin Elmer) for 3 hours in triplicate with a trichloroacetic (TCA)
acid killed control (5% final concentration). Incubations were
stopped by adding TCA (5% final concentration), briefly
vortexed and flash frozen until further processing. Samples were
thawed at room temperature, centrifuged at 13 000 RPM using an
accuSpin microl7 centrifuge (Thermo Fisher, MA, USA) and
gently siphoned to the last drop. Samples were acidified with
TCA, vortexed, centrifuged and siphoned a second time. Vials
were filled with 1.5 ml of scintillation cocktail (ScintiVerse, Thermo
Fisher) and stored for 1 hour before counting on a Tri-carb 2800TR
(Perkin Elmer). We assumed a 1550 g C mol leucine™ to
calculate BP.

Taxonomic identification

Water for microscopic taxonomic identification of nano 2-
20 um and microplankton 20-200 um was collected at 6 stations
in 2014 and 8 stations in 2015 (Table S1), at 2 m and 30 m, and
was fixed and preserved in an acidic Lugol solution until
analysis. Aliquots of 10 or 25 mL were sedimented and a
minimum of 400 cells were enumerated using an inverted
microscope (Zeiss Axiovert 10) at 400X magnification. Three
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transects of 20 mm were counted for each sample and converted
into cells/L (Lund et al., 1958; Edler and Elbrichter, 2010).

For DNA extraction, between 1 L and 5.3 L of seawater was
sequentially filtered on board with a peristaltic pump using silicone
tubing within 6 hours of collection, which were acid washed
between each sample run. Samples were first filtered through a 53
um nylon mesh at the rosette, then through a 3 um polycarbonate
filter (hereafter referred to as “large”), followed by a 0.2 pm
polyethersulfone filters (hereafter referred to as “small”). Filters
were conserved in a lysis buffer (EDTA 40 mM, Tris 50 mM and
sucrose 750 mM), flash-frozen, and stored at -80°C until further
processing. DNA was extracted using an extraction kit (Qiagen,
DNeasy Power Water extraction kit) and quantified with a Qubit
2.0 fluorometer (Invitrogen by Life) high sensitivity kit, following
the manufacturers’ instructions. We sequenced 60 samples equally
divided between the “large” and “small” fractions to cover all water
masses, representing 5, 4 and 6 stations respectively for 2014, 2015,
2016 at the surface (2 m) and close to the deep chlorophyll
maximum (30 m) depth. We merged both size fractions to
represent the whole protistan community. The DNA
amplification, library preparation and Illumina sequencing of 18S
rRNA gene (V4 region) were done at Integrated Microbiome
Resources in Dalhousie University according to in-house
protocols (cgeb-imr.ca/protocols.html). Briefly, a dual-indexing,
one-step PCR was done using kit Nextera XT v2 (Illumina). The
adapters and indexes are those provided by the kit. Region V4, 18S
rRNA gene for eukaryotes was targeted with primers E572F
(CYGCGGTAATTCCAGCTC) and E1009R (AYGGTATCTRA
TCRTCTTYG). PCR amplification was run for 30 cycles. The
amplicons’ quality was visualized using a 96-well E-gel
(Invitrogen), then purified and normalized by the high-
throughput SequalPrep 96-well plate kit (Invitrogen). Samples
were pooled to make one library and quantify using Qubit
double-stranded DNA high-sensitivity kit (Invitrogen) (Comeau
et al,, 2017). Raw reads were deposited on NCBI Sequence Read
Archive (PRJNA559877) and were analyzed with the DADA2
pipeline (Callahan et al., 2016) version 1.4 using the R software
v3.4.3 (R Core Team, 2017). After the processing, 1292 amplicon
sequence variants (ASVs) were obtained and taxonomically
classified based on the Silva database v128. Samples where the
order, class or genus were not assigned using silva were completed
using BLASTn on NCBI (blast.ncbi.nlm.nih.gov/Blast.cgi).

Functional trait database

The microscopic and 18S taxonomic identifications were
used to create a table with protistan functional traits. ASVs
assigned with the same genus were grouped together, reducing
the number of ASVs from 1292 to 130 taxa (referred to as “valid
name” in SCOR database and our database). The first step to
create our database was to leverage the information from the
Scientific Committee on Oceanic Research (SCOR) database
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created a few years ago to synthesize functional traits of
phytoplankton in the Baltic Sea (Klais et al., 2017). When we
found matching taxa between our database and SCOR (19%,
version May 2017), we noted the functional traits that were
associated. Functional traits from the remaining 81% of taxa
were manually filled after an extensive literature search. The
functional traits database used in this study is available as a
Supplementary Table and the full database is freely available at
https://github.com/LaboMaranger/Protists and includes the 130
taxa, their functional traits and the references for each trait.

Although a large number of traits were identified, there were
only four functional traits, size, trophic strategy, motility and the
ability to produce dimethylsulfoxide or dimethylsulfoniopropionate
(DMS) that could be assigned to all of the genera identified. Other
traits remain incomplete for a large number of taxa. For size, the
only continuous trait retained in our analyses, we first grouped
organisms in three size classes based on classical oceanographic
planktonic categories: pico 0.2-2 pm, nano 2-20 um and micro 20-
200 pm (Robinson et al., 2018) but then further divided organisms
into five size classes (0.2-2 pm, 2-5 pm, 5-10 pm, 10-20 pm, 20-
200 pm). The latter divisions were more typical in earlier
assessments (Legendre and Le Fevre, 1991; Chisholm, 1992). It
also provided additional information particularly when considering
how functional traits, such as size and trophic strategy co-vary given
the wide range of possible size classes that are mixoplanktonic. For
all traits, we aggregated the abundance of organisms within the
community possessing a specific trait for a given station in a given
year. It should be noted that different species of the same genera do
not necessarily share the same feeding strategy, but we are limited to
this taxonomic rank by using 18S rRNA data. However, this
limitation should not cause major changes in the interpretation of
our results as the most abundant organisms are not influenced by
this limitation (e.g., Phaeocystis pouchetii and diatoms).

Wealso wish to clarify the use of terms throughout this paper to
avoid confusion between protistan groups and their functional trait
trophic strategies. Phytoplankton use phototrophy as their trophic
strategy; protozooplankton are incapable of phototrophy and use
heterotrophy as their trophic strategy, whereas mixoplankton use
mixotrophy as their trophic strategy, which we define here as
protists with the capacity to perform both phototrophy and
phagotrophy. Osmotrophy, the capacity to consume dissolved
organic matter is excluded as a mixotrophic strategy as this
ability is pervasive among many protistan taxa who also
photosynthesize and is different from the ability to phagocytose
bacteria and control their populations (Mitra et al., 2016).

Identifying peak chlorophyll-a and
bloom extent

For each station and each year, we estimated the beginning

and maximum extent of the bloom using L3 chlorophyll-a
concentration (mg m™>) derived from satellite observations
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from the GlobColour project (http://www.globcolour.info/),
which has been developed, validated, and distributed by
ACRI-ST, France. Satellite data was aggregated in pixels of 625
km? and binned over an eight-day period from March to July. As
the frequent cloud cover over the Labrador Sea caused by DMS
production (Renfrew and Moore, 1999; Renfrew et al., 2002)
often prevents satellites from receiving information for many
pixels, we concatenated four pixels together to reduce the
number of stations-date without a chlorophyll-a concentration
value. We associated the chlorophyll-a values to each station
based on their coordinates and calculated how many days
separated the sampling date from the onset of the bloom (> 1
mg m™) (Moore and Abbott, 2000) and the maximum intensity
of bloom (days from before peak, DBP). Changes in the mixed
layer depth was not considered here as our sampling was done in
a short period of time (about ten days each year). We did not try
to parse out cyanobacteria from the total chlorophyll-a
concentration signal as it represented a minor component of
the biomass (Fragoso et al., 2017) and our aim was simply to
identify the moment when concentrations were highest.

Statistical analyses

Using a redundancy analysis (RDA) (Legendre and
Legendre, 2012), followed by a variation partitioning (Borcard
et al,, 1992) using the varpart function from the vegan library
(Oksanen et al., 2010), we first compared the variation in the
taxonomic and functional composition of protists that could be
explained by space (water mass) and time (sampling year) in the
Labrador Sea. We then assessed the variation explained by yearly
succession in the protistan community using DBP as an
explanatory variable in both the RDA and the variation
partitioning. The RDA was performed on Hellinger
transformed data (Legendre and Gallagher, 2001) and the
RDA global significance was tested using the anova.cca
function (9999 permutations) from the vegan package.

To measure the association of specific taxa and functional
traits among water masses and for specific years, we used the
Pearson’s phi coefficient of association (Chytry et al., 2002) using
the indicspecies R package (De Caceres and Legendre, 2009).
The significance of each association was tested using a
permutation test and only significant associations were
reported. The association coefficient (®) was also corrected to
take into account that some taxa were present in more sites than
others (Tichy and Chytry, 2006).

Results

After correcting for sample volumes, we found no
statistically significant differences between community
composition at 2 and 30 m (constrained correspondence
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analysis, p-value > 0.05), presumably because of surface water
homogeneity (Fragoso et al., 2016). We thus pooled sequences
from both depths to represent the whole station for subsequent
analysis. All protistan phyla are represented on Figure S2, but
only the four dominant phyla will be used for graphical
representations as they represented on average 76% of the
community diversity. The main orders of these phyla were:
Micromonas and Pyramimonas for Chlorophyta; Biechelaria,
Gyrodinium, Gymnodinium, Heterocapsa, Woloszynskia for
Dinoflagellata; Phaeocystis, Chrysochromulina, Haptolina,
Prymnesium and Coccolithus for Prymnesiophytes.
Ochrophyta were predominantly diatoms with the genera
Thalassiosira, Chaetoceros, Skeletonema, Pseudo-nitzschia,
Fragilariopsis, but also included the orders Pelagophyceae and
Chrysophyceae. Given that there is a historical time series related
to this transect using microscopy, we wanted to compare our 18S
with available taxonomic counts for 2014 and 2015. We found
reasonable complementarity between the methods (Figure S3)
and the 18S taxonomic assessments (Figure S2) presumably
because Phaeocystis pouchetii dominated in the region.
Although only 47% of taxa identified using microscopy were
captured by sequencing 18S, after a few minor corrections
related to different names for the same species (Estep and
Maclntyre, 1989; Altenburger et al., 2020, Table S2), the
remaining unsequenced taxa represented only 3.1% *+ 1.7%
(mean * standard deviation) of total cell abundance. Hence,
the 18S reflected the historical records of the phototrophs and
mixotrophs. However, we found that there was much more
diversity (Shannon index, paired T-test, p-value< 0.001) and
higher representation in the heterotrophic protistan categories
using 18S. This is likely due to the focus of primarily identifying
the phytoplankton using microscopy.

Of the 130 unique taxonomic genera identified in the Labrador
Sea using 18S DNA, we created a database with over 1062 assigned
traits in 16 different trait categories. Size, trophic strategy, motility,
and dimethylsulfoxide and dimethylsulfoniopropionate (DMS)
production were the only traits that could be assigned to the full
taxonomic spectrum. As such, these were the traits assessed in this
analysis. Differences in the distribution of taxonomic groups and
size classes were observed between sampling stations and among
years (Figures 1A, B). Community composition closer to the shelves
were structured differently as compared to those located in the
central basin, and there seemed to be differences in dominance
patterns between years, but there was no obvious biogeographical
pattern. In order to conclusively test if there were differences in the
taxonomic and functional trait composition of the protistan
communities as a function of water mass and between years, we
used a variation partitioning approach. We found that a significant
proportion of the taxonomic and trait composition could be
explained by both factors (Figure 1C) in the Labrador Sea.
However, a greater proportion of the variation in protistan
biogeography was explained using functional trait composition as
compared to taxonomy (Figure 1C). This was the case for trophic
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strategy, size, and motility, where almost twice as much variation
was explained by water mass and sampling year as compared to
taxonomic composition (Figure 1C). For DMS, only differences
among sampling years were observed and slightly less variance was
explained for this trait as compared to others.

To understand which taxa and traits were affiliated with the
different water masses and years, we used a Pearson’s phi
coefficient of association. We found that the two shelves
differed considerably in terms of the associated taxa and
functional traits (Table 1). Dinoflagellates, chlorophytes, and
genera who were predominantly mixotrophic, motile, and of the
2-5 pm size class were positively associated with the Labrador
Shelf, whereas most of these groupings were negatively
associated with the Greenland Shelf. In terms of annual
differences, prymnesiophytes were strongly associated with
2015 as were protists of the 5-10 pm size class; indeed, there
was a major bloom of the colonial Phaeocystis pouchetii (8 um)
that year which resulted in considerably higher average
chlorophyll-a and DOC concentrations across the region
(Figure S4). In contrast, the associations between the other
two years with protistan taxa and their traits varied
considerably (Table 1). Given these differences and the high
variability in chlorophyll-a concentration across sites and
among years, we wanted to determine if the bloom timing was
related to the taxonomic and functional composition patterns
we observed.

Using satellite-derived chlorophyll-a concentrations, we
characterized the inter-annual variability in bloom timing as
the moment of peak chlorophyll-a concentration at each station
across years (Figure 2). The spring peak occurred between May
and June at the majority of stations, but the onset of the bloom
differed among years (Table S1). The moment of peak
chlorophyll-a was also variable across stations and among
years, but sampling occurred annually between days of year
127-136 (gray area, Figure 2). Therefore, we summarized this
information in a metric we call “days before peak” (DBP), which
represents the number of days preceding the date of highest
chlorophyll concentration (i.e., DBP = 0) at any one sampling
event (site and moment). Information ranged from 0 to 50 DBP
(Table S1) which allowed for the reconstruction of a successional
pattern leading to the moment of peak chlorophyll, profiting
from the interannual variation in observed chlorophyll-a
concentration and community dynamics for the same day of
the year. For most stations in 2014, the bloom started in early
May and peaked 21 days later (mean + standard error) at around
day 150 + 3 of year. In 2015, the onset of the bloom was earlier,
towards the end of April and peaked 25 days later at around day
142 + 3 of year. In 2016, the bloom started later, towards mid-
May and peaked at day 169 + 6 of year. As a result, most stations
were sampled shortly before the peak of the bloom in 2014 and
2015 (Figures 2A, B), while sampling generally occurred well
before the peak in 2016 (Figure 2B). The maximum intensity
(mean + standard error) of the bloom varied significantly among
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The abundance of the most abundant taxa based on 18S sequencing (A), and size classes (B) in the Labrador Sea water masses and over years.
Dashed lines represent the separation between waters masses: Labrador shelf (left), central basin (middle), Greenland shelf (right, absent in
2015). A Venn diagram (C) representing the variation partitioning (in %) of taxonomic composition and the four functional traits of this study
across water masses and years. Note that nothing was shared between space and time. * and ** represent partial RDA p-values of < 0.05 and <

0.01, respectively.

years with 7.74 + 1.36 mg m™ chlorophyll-a in 2014, 6.55 + 1.00
in 2015 with the lowest observed in 2016 at 3.23 + 0.55 mg m™.

Given the range of observations in DBP among years and
across stations within years, we used this information to test
whether the moment of sampling influenced protistan
functional trait community structure. Using variation
partitioning, we observed that for all traits except DMS, more
than half of the explained variation could be attributed to DBP
(Figures 3A, B; Table S3). Indeed, a significant proportion of the
variation in size and trophic strategy attributed to year
(Figures 3, 17% in A and 11% in B) and water mass
(Figures 3, 13% in A and 27% in B) could be explained by the
successional stage of protistan community traits. Focusing on
size and trophic strategy, we then recreated a bloom phenology
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by combining all years together, in a sort of space for time
substitution to elucidate the succession of functional traits from
52 days before chlorophyll-a peak. For size classes, the most
dramatic shift was in the 5-10 um size class, where the relative
abundance started to increase dramatically between 30 and 15
DBP, more than doubling closer to the peak (Figure 3C). The
relative abundance of the microplankton (> 20 pum) remained
high and stable throughout the near two months’ time frame
while all the other three size classes remained low but declined
slightly closer to the peak. For trophic strategies, mixotrophy
and motility started to decline around 35 DBP (Figure 3D;
Figure S5). Mixotrophy was dominant prior to 20 DBP
chlorophyll whereas phototrophy started to increase from
about 30 DBP and became dominant after 20 DBP
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TABLE 1 Strength of the association between taxonomic groups and functional traits with water mass and year based on Pearson’s phi

coefficient. Only significant associations are reported.

LS CB GS 2014 2015 2016
Taxonomy
Ochrophyta
Dinophyceae 0.46 -0.74
Prymnesiophyte 0.93 -0.83
Chlorophyta 0.64 -0.46 -0.41
Functional traits
Trophic strategy Phototrophy
Heterotrophy -0.57 0.50
Mixotrophy 0.62 -0.75
Size 0.2-2 um
2-5 um 0.79
5-10 um 0.52 -0.61
10-20 pm -0.59 0.46
> 20 um -0.46
Motility 0.56 -0.69
DMS -0.55 0.61

LS, represents Labrador shelf; CB, central basin; GS, Greenland shelf.

(Figure 3D). As we got closer to the peak, a relative increase in
heterotrophy was observed, and mixotrophy was lowest. Not
surprisingly, these patterns also coincided with a decrease in
nutrients as well as an increase bacterial production around 20
DBP (Figures S6, S7).

When we combined size structure and trophic strategy with
regards to bloom phenology (Figure 4), the smallest size class
contained all three trophic strategies, with heterotrophy being
slightly more prominent at different occasions. The 2-5 um and
10-20 pm size classes were dominated by mixotrophic groups,
that declined through the period, whereas the 5-10 um was
dominated by phototrophs, increasing from 30 DBP. In the
biggest size class, > 20 pm, mixotrophy was dominant up to 20
DBP when phototrophy started to increase. The continuous
decline of mixotrophy in the 10-20 pum size class was mainly
replaced by phototrophy in the 5-10 pm size class, which
represented overall more than 30% of total abundance close to
the peak. By comparison, protozooplankton were mostly
constrained in the smallest size class of 0.2-2 pum. However,
those of the 5-10 pm size class drove the increase closer to the
peak, representing about 20% of the protistan abundance
capable of heterotrophy only. All these results were also
observed using total read counts (not shown).

Discussion

In this study we characterized a functional biogeography of
several functional traits of the protistan community in the
Labrador Sea and found that this biogeography was influenced
by successional patterns related to bloom timing, expressed as
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days before peak chlorophyll-a (DBP). Although a taxonomic
biogeography of the region has been described (Fragoso et al.,
20165 Fragoso et al., 2017), we showed that more spatial and
temporal variability could be explained using a functional trait
approach to characterize community structure and that bloom
phenology is pivotal in determining the biogeographical patterns
of this structure. Moreover, DBP assessed changes in preferred
trophic strategy, cell size, and their combined responses,
enabling the evaluation of how two key functional traits used
in oceanic models (Le Queére et al., 2005; Flynn and Mitra, 2009)
co-vary over time. Understanding how changes in phenology
influences the expression of protistan traits, particularly in light
limited subpolar regions of the ocean and those whose
stratification dynamics are more affected by climate change
(Kahru et al, 2011) will have consequences on both our
understanding of carbon sequestration and trophic transfer
spatially and at different time scales. As ecosystem productivity
is influenced by which phytoplankton are adapted to dominate
at any given moment (Vallina et al., 2017), this can now be
captured through the functional trait succession of our novel
DBP metric.

Determining the moment of the onset of a bloom, which is
largely controlled by how stratification dynamics influence the
availability of both light and nutrients, is somewhat of a
challenge (Yang et al., 2020), but remote sensing techniques
enable the tracking of chlorophyll-a concentration and allows
for the determination of the moment of peak chlorophyll-a, with
relative ease. Broadscale patterns have shown that the extent and
timing of blooms in the Labrador Sea are highly variable (Brody
et al, 2013; Marchese et al, 2019). We also found that the
moment of peak chlorophyll-a on the AR7W transect was highly

frontiersin.org


https://doi.org/10.3389/fmars.2022.916093
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Péquin et al. 10.3389/fmars.2022.916093
A 2014 B 0
& 16— Labrador shelf * T
'e 14— Central basin
g’ 12/ — Greenland shelf
£10
T 8
&2 2015
5 _
£ 0 o
© "0 50 100 150 200
Day of year M
@
(B
s 2015 2014 Q.
" 14 L
12 A 130 RS
E10 ]
> 8 a)
> 6 wn
s 2 A
e
S 9% 50 100 150 200 2016
Day of year
2016
16
‘14
g12
513 160
2 6
g 4
S 2
5 o
S 50 100 150 200
Day of year
FIGURE 2

Chlorophyll-a concentrations (mg m™®) from satellite observations between days of year 60 and 188 for 2014, 2015, 2016 (A). Each line
represents a sampling station with colors corresponding to water masses. The grey area represents the sampling period. Number of days before

peak chlorophyll-a for all stations grouped by year (B).

variable across years, which enabled us to determine where a
bloom was in time in a site-specific context. Using DBP we were
able to reconstruct the successional pattern of functional traits
up to two months before maximum chlorophyll-a
concentrations to track changes in functional trait dominance
over bloom development and clearly show that this timing acts
as a driver of functional trait community structure. During that
time frame, the relative abundance of picophototrophs steadily
decreased and were replaced by nano- and micro- phototrophs,
increasing the potential of carbon sequestration through the
biological carbon pump (Finkel et al., 2010) due to increased cell
size combined with photosynthesis. Late winter to early spring
patterns of succession have been reported in the areas of the
North Atlantic Ocean from a broad taxonomic point of view
where changes in size traits were observed (Daniels et al., 2015),
and are similar to what we report here.

A shift in size-classes is of interest as this may also be
attributed to additional functional trait trade-offs (Irwin and

Frontiers in Marine Science

08

Finkel, 2017) including differential uptake kinetics related to cell
size and physiology (Litchman et al., 2007; Flynn et al., 2018).
Indeed, size is a master-trait in that it influences so many other
functions related to inorganic resource acquisition (Litchman
et al, 2015); this is why pairing size with trophic strategy
provides additional information on biogeochemical flows
because of how phagotrophy provides an alternative pathway
to both nutrient and carbon acquisition (Maranger et al., 1998;
Stoecker et al, 2017). In terms of trophic strategy, it is not
completely surprising that at the end of winter and early spring,
mixotrophy was dominant as they tend to thrive out of blooms,
particularly when light or nutrient availability are low, or as a
function of predator-prey interactions (Mitra et al., 2014). Our
findings support a modelling approach that considered both
protistan cell size and trophic strategy along a latitudinal
gradient which found that phototrophy dominated during
spring blooms in high latitudes, and that the contribution of
mixotrophy was quite variable (Chakraborty et al., 2020). There
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is also a growing capacity to assess phytoplankton size structure
using remote sensing techniques (Uitz et al., 2015), with the
intention of broadening it into different functional types (Mouw
et al,, 2017), and this will only improve as more hyperspectral
satellites come online. Our work certainly suggests that the
mixotrophic loop (Zubkov and Tarran, 2008; Mitra et al,
2014) be considered in the functional assessment of the North
Atlantic Ocean (Lindemann and St. John, 2014).

According to our reconstruction, mixoplankton dominated
in late winter early spring, and began losing their competitive
advantage at around 20-30 DBP; this resulted in their decline in
both the 10-20 pm and > 20 um size classes while being
outcompeted by phytoplankton in the 5-10 pm and > 20 pm
size classes. As this result was observed in both absolute and
relative abundances, this suggests that phytoplankton had much
higher growth rates than mixoplankton, and/or that the grazing
pressure by mesozooplankton, Calanus spp. in this region (Head
etal., 2000), was more intense on mixoplankton as they can have
better nutritional quality (Traboni et al., 2021). Indeed, we saw
that this timing also corresponded with a number of different
shifts, including a loss in relative protistan motility, which is
often a trait associated with the flagellates that perform
mixotrophy, as well as a decline in nutrients and an increase
in bacterial production (Figures S6, S7). As such, 20 to 30 DBP
chlorophyll represents a critical moment catalyzing a series of
changes. We propose that this timing corresponds to the onset of
stratification, where sufficient light and nutrients become
available to allow for the accrual of phototrophic biomass,
although this hypothesis needs to be confirmed.

From a functional ecological point of view, addressing the
successional behavior of multiple traits in combination remains
underexplored. We acknowledge that our work was only able to
address a limited number of traits because we focused only on
those that were fully represented across our taxa, whereas our
database includes 12 more traits to be further developed. For the
few other traits where information was available, these shifts clearly
supported change in size and trophic strategy, albeit DBP had a
more variable influence. We saw a strong shift from more motile
species towards less motile ones starting at 30 DBP, again
coinciding with a change from largely flagellate mixoplankton to
non-motile phytoplankton. Motility for mixoplankton enables
them to chase their prey to acquire their energy and nutrients or
move toward the light (Flynn et al., 2019) and, for phytoplankton,
can serve as a mechanism to avoid resource scarcity and evade
predators (Wentzky et al., 2020). However, the dominant species
during Labrador Sea spring bloom is the colonial Phaeocystis
pouchetii, a non-motile species and well known DMS producer
(Schoemann et al,, 2005). The capacity to produce DMS share a
similar ecological property with motility as it is a defense
mechanism against bacterio- and zooplankton (Keller et al,
1989). Most of the variation in DMS production as a trait was
temporal, likely due to the interannual variability in the moment of
peak biomass (Marchese et al., 2019), with some influence of DBP.
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At 10 to 20 DBP, there was an increase in the smallest
heterotrophic size class coinciding with an increase in bacterial
production. These heterotrophs were associated to Syndiniales
and Picomonas, and given their small size, were not major
grazers of phototrophs. Syndiniales are parasitoids of marine
dinoflagellates and have been found to co-occur in conditions of
variable dinoflagellate biomass (Chambouvet et al., 2008; Sehein
et al,, 2022). They have a free-living form called dinospores that
can survive in water a few days after infection (Guillou et al,
2008), which may explain their capture in the sequencing data.
Although their role in biogeochemical cycling is not well
understood, Syndiniales likely contribute to elemental
recycling (Guillou et al,, 2008). Picomonas are cosmopolite
pico-heterotrophs that are not well ecologically characterized,
but are thought to have contributed to the loss of endosymbiosis
during protist evolution (Schon et al., 2021). Our reconstructed
time series did not cover post bloom, where we would anticipate
the potential takeover of larger phagotrophic protists.

As size and trophic strategy combined influence energetic
trophic transfer (Ward and Follows, 2016), the interannual
variability in event timing may result in phenological
mismatches with herbivores. Indeed, the timing of peak
chlorophyll was highly variable and differed by a maximum of
48 days across the three sampling years. Understanding trait
changes in bloom phenology is critical, especially if we consider
not only the carbon quantity as a function of cell size and overall
biomass, but also the differential carbon quality be it primarily
from protists that perform mixotrophy, phototrophy or
heterotrophy. Mismatches can occur when changes in
phytoplankton bloom dynamics influence the success of
zooplankton (Edwards and Richardson, 2004; Koeller et al.,
2009) and fish recruitment (Platt et al., 2003; Asch et al,
2019). Changes in bloom timing could have significant
implications on the relative fate of carbon particularly in the
Labrador Sea where the dominant blooming species during
spring is Phaeocystis pouchetii. Phaeocystis is a major source of
energy for copepods (Head and Harris, 1996), but sinks to the
deep ocean only once it dies (Schoemann et al., 2005). Thus, the
biomass produced by Phaeocystis can either be transferred to
higher trophic levels if biomass production is in synchrony with
copepods or otherwise it would become a major carbon sink.

Given their increasingly recognized influence on carbon
dynamics (Mitra et al., 2014; Ward and Follows, 2016; Leles
et al., 2018; Leles et al., 2021) and their ubiquitous distribution
(Zubkov and Tarran, 2008; Leles et al., 2017; Stoecker et al.,
2017; Faure et al,, 2019; Leles et al., 2019), understanding the
factors driving the expression of mixotrophy as a trait at the
community level is becoming increasingly more relevant.
However, identifying mixoplankton conclusively represent
several conceptual challenges and it should be noted that our
evaluation of mixotrophy was largely theoretical, based on a
literature survey of those genera capable of both phototrophy
and phagotrophy. As a trait, mixotrophy is known to be highly
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plastic and a challenge to measure in situ (Flynn et al., 2013;
Chakraborty et al., 2017; Selosse et al., 2017). In general,
mixoplankton as defined here would be favored when
nutrients are low and light is high or vice-versa where
phagotrophy supplies nutrients or carbon, respectively
(Hansen and Hjorth, 2002; Selosse et al., 2017; Edwards,
2019). The succession we observed in our reconstruction was
similar to what has been proposed theoretically (Berge et al.,
2017). From an ecological point of view, as light availability
increased it is not surprising that phytoplankton replaced and
outcompeted mixoplankton, when nutrients were still available
(Li et al., 2020). However, whether mixoplankton are relying
on phagotrophy, and precisely how they allocate their acquired
resources can be quite complex. For example, under high light
and low particulate iron availability, mixoplankton rely more
on heterotrophy to acquire carbon from their preys rather than
acquiring carbon through phototrophy (Maranger et al., 1998).
The imbalance between light and non-carbon elements may
provide some general guidelines for the conditions that favor
mixotrophy and potential carbon acquisition pathways
(Selosse et al., 2017), but there are exceptions to the rule and
these may extend to vast areas of the iron limited ocean.
Nevertheless, knowing when mixoplankton dominate in
conditions where mixotrophy is the most plausible feeding
strategy among protistan communities will improve current
carbon models and we propose that using the days before peak
chlorophyll-a as a proxy of where a sampling location may be
in terms of its functional succession could be useful to
elucidate this.

Conclusion

This study is the first to our knowledge to provide evidence
of the structuring effect of the timing of peak chlorophyll-a on
the succession of protistan functional traits, which will influence
how we assess their biogeography given that most oceanographic
in situ sampling is a snap-shot. Although some of the
interpretations of our work needs to be confirmed, we suggest
the use of days before peak chlorophyll-a concentrations,
derived from remote sensing techniques, could be used as a
proxy of plankton phenology to better understand the dynamics
of one’s sampling moment with regards to protistan functional
trait distribution. Functional properties of the moment of
sampling relative to peak chlorophyll-a should be explored
further. For example, the shift we observed between 30 and 20
DBP may be related to a proportion of peak chlorophyll-a
biomass that represents a change in community growth rate,
similar to the dilution-recoupling hypothesis (Behrenfeld,
2010). That proportion may also vary as a function of
biomass. This could further be evaluated using the relative
signal of different hyperspectral bands to identify successional
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changes among different phytoplankton types. The structuring
effect of the timing of peak chlorophyll-a could also be assessed
in lakes as there are generalized biogeographical patterns based
on climate (Jamil et al., 2014; Sodreé et al., 2020), and time-series,
including the onset of stratification, are easier to conduct than in
marine ecosystems. This structuring effect could also be tested
post-bloom to determine if similar patterns emerge in the
senescing phase of the bloom as predicted in different models
(Berge et al.,, 2017; Chakraborty et al., 2020); our work showed
an increasing proportion of protozooplankton closer to peak
chlorophyll but interestingly the increases we observed were not
related to the onset of phytoplankton grazers, but Picomonas
and Syndiniales, smaller picoheterotrophs of the 0.2-2 pm size
class. Regardless, the influence of DBP could be tested on
zooplankton species and functional traits to assess its
pervasiveness as a structuring effect of plankton communities
at higher trophic levels. As more information on the influence of
the timing of peak chlorophyll-a in structuring the success of
functional traits arises, its inclusion in marine biogeochemical
models offer a simple parameter to reconstruct more dynamic
carbon pathways of plankton communities in space and
over time.
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