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Abstract

Nanophytoplankton, the key component of algal communities, remains understudied, thus there is a substantial
knowledge gap about dynamics of abundance, biovolume, and cell size of specific algae. Here, I studied weekly
changes in abundance, biovolume, cell volume, and cell surface to volume (SV) ratio (> 11,700 cells measured) of spe-
cific nanophytoplankton groups using amplicon sequencing and catalyzed reported deposition-fluorescence in situ
hybridization. I applied oligonucleotide probes to study major nanophytoplankton groups: chlorophytes, chryso-
phytes, pelagophytes, cryptophytes, pedinellids, and haptophytes. I designed three novel probes, two for pedinellid
species Apedinella radians and Pseudopedinella elastica, and for a haptophyte genus Haptolina. Chlorophytes were the
most abundant group, followed by haptophytes and cryptophytes. Abundance and biovolume of specific groups
showed distinct seasonal dynamics and fluctuated up to 100-fold within a week. Different groups contributed to
nanophytoplankton peaks over the season, and this pattern was consistent down to a genus/species level, as shown
for cryptophytes, pedinellids, and haptophytes. Inorganic nutrients were the best explanatory variables for abundance
and biovolume, but their importance varied for specific groups. Thus, the differences in seasonal dynamics of different
algal groups can be explained by temporal niche separation between them. Changes in nanophytoplankton size struc-
ture were substantial, and cell volume varied over 10*-fold. However, the size dynamics (variability in cell volume and
SV ratio) was lower at genus/species level, indicating changes in nanophytoplankton size structure likely resulted from
changes in community composition. Temperature and nutrients best explained the size dynamics, but their explana-
tory power differed for specific nanophytoplankton groups.

Nanophytoplankton (NPP, algae with a cell diameter
2-20 ym) often dominate phytoplankton abundance, biovo-
lume, and production (Piwosz et al. 20154; Roy et al. 2017; Sherr
et al. 2007), and its importance may increase with the climate
change (Pinckney et al. 2015). Nanoplanktonic algae have higher
specific photosynthesis and growth rates than larger or smaller
cells (Marafion et al. 2013) and are preferred food for protistan
and metazoan grazers (Khanaychenko et al. 2018; Morison and
Menden-Deuer 2018). Thus, they are the key component of
pelagic food webs and the carbon cycle. However, most NPP spe-
cies have inconspicuous morphology and cannot be identified
using optical microscopy during routine phytoplankton surveys.
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In result, information on abundance and biovolume of many
NPP groups remains accidental. As these values determine pro-
ductivity and food web structure (Finkel et al. 2010), such knowl-
edge gap limits our understanding of aquatic ecosystems and the
accuracy of predictions about community response to natural or
anthropogenic impacts.

Rapid development of high throughput sequencing (HTS)
methods has allowed for unprecedented insight into diversity of all
microorganisms, including algae (Egge et al. 2013; Monchy et al.
2012). In addition to well-known diatoms and dinoflagellates,
poorly characterized groups, such as haptophytes, cryptophytes,
chrysophytes, and chlorophytes turned out to be important in
coastal and open ocean (Balzano et al. 2012; De Vargas et al. 2015;
Pinckney et al. 2015; Alves-De-Souza et al. 2017). The occurrence
patterns of these groups depend on environmental conditions. For
instance, in the brackish Baltic Sea, marine groups, such as coc-
colitophores, were replaced by freshwater groups, such as syn-
urophytes, along the salinity gradient from about 30 in Kattegat to
<1 in the Bothnian Bay (Hu et al. 2016). Similar changes were
observed also at a smaller scale in the estuary of the Vistula River
(Gulf of Gdansk, Baltic Sea; Piwosz et al. 2018). Moreover, high
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temporal dynamics of different groups was observed in coastal
waters (Egge et al. 2015; Alves-De-Souza et al. 2017).

Unfortunately, HTS methods poorly reflect the abundance
of specific groups in original samples (Grujci¢ et al. 2018;
Piwosz et al. 2015b), and they do not provide any information
on cell morphology, let alone the functional role. For instance,
cryptophytes are usually considered autotrophic or mixotrophic
(Stefanidou et al. 2018), but uncultured cryptophytes from the
basal CRY-1 lineage (Shalchian-Tabrizi et al. 2008) were found to
lack chloroplasts (Piwosz et al. 2016) and were subsequently
shown to be important bacterivores in freshwaters (Grujci¢ et al.
2018). Microscopic observations and direct enumeration of spe-
cific NPP lineages can be achieved with the use of fluorescence
in situ hybridization methods (Lim et al. 1993; Simon et al.
1997, 2000). This technique uses fluorescently labeled oligonu-
cleotide probes that hybridize to ribosomal rRNA in intact cells.
The probes are designed based on rRNA gene phylogeny and can
target a wide range of taxonomic groups, such as all eukaryotes
or phytoplankton classes (Amann et al. 1990; Simon et al. 2000)
or a specific genus or lineage (Simon et al. 1997; Piwosz and
Pernthaler 2010). The hybridized cells can be visualized using
epifluorescent microscopy. It is then possible not only to esti-
mate abundance but also to determine basic morphological fea-
tures, such as the presence of chloroplasts, shape, and cell size of
algae that are indistinguishable using optical microscopy.

Cell size is an important physiological trait that determines
metabolic and growth rates of an organism (Finkel et al. 2010;
Maraién 2015). Under nutrient limitation, smaller cells have
advantage over larger due to the lower overall nutrients require-
ments and higher surface to volume (SV) ratio: a value that con-
strains rates of the diffusive flux in nutrient acquisition.
Moreover, internal distances are shorter in small cells, facilitating
nutrient distribution and processing inside cells (Mei et al.
2009). Finally, cell size and abundance determine the total
biovolume of algae and thus their importance in the carbon
cycle. However, in situ dynamics of NPP size-structure, both
general and for specific algal groups, remains unknown. Conse-
quently, it is still to be explored whether cell size and abundance
of an algal species response similarly to environmental change.

The aim of this study was to reveal temporal dynamics of
abundance, biovolume, cell volume, and cell SV ratio of total
NPP and of specific algal groups in coastal waters of the Gulf of
Gdank (Baltic Sea) and to link their dynamics to changes in the
environmental conditions. The focal groups, studied by cata-
lyzed reported deposition-fluorescence in situ hybridization
(CARD-FISH), were chlorophytes, cryptophytes (including line-
age CRY-1), pedinellids (including species Apedinella radians and
Pseudopedinella elastica), haptophytes (including Pavlovophyceae
and genera Prymnesium, Haptolina, and Chrysochromulina),
chrysophytes, and pelagophytes. They were selected based on
pyrosequencing of weekly collected samples and on the previous
study in the region (Piwosz et al. 2018). I hypothesized that
(1) different algal groups would contribute to NPP maxima
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during the season, (2) their cell volume and cell SV ratio would
vary over the season, and (3) abundance, biovolume, cell vol-
ume, and cell SV ratio of different NPP groups would correlate
differently with the environmental variables, which together
would suggest temporal niche separation between the studied
groups. I also expected that abundance and biovolume would be
more explained by the temperature, whereas cell volume and
cell SV ratio by concentrations of inorganic nutrients.

Material and methods
Sampling

Surface water samples were collected weekly from 12 April
to 07 November 2012 from a coastal station (54°31'05.2"N
18°33’21.5"E) in the Gulf of Gdansk (southern Baltic Sea, Poland).
Ten liters of water was prefiltered through a 20-um-mesh phyto-
plankton net into a plastic container that had been cleaned with
10% HCI, thoroughly rinsed with deionized water, and rinsed
three times with the sampled water on site. The collected water
was transported to the laboratory within 15 min. Temperature
and salinity were measured in situ with a CC-411 conductivity
meter (Elmetron Sp.j).

DNA extraction and sequencing

About 0.8-2.5 liters of water was filtered onto a poly-
ethersulfone filter (GPWP, diameter 47 mm, pore size 0.22 ym,
Merck KGaA) under sterile conditions. 4.6 liters was filtered on
the 07 November. DNA was extracted using PowerWater DNA
isolation kit (MO BIO Laboratories). The V4 fragment of 18S
rRNA genes was amplified with TAReuk454FWD1 (5'-CCAG
CASCYGCGGTAATTCC-3') and TAReukREV3 (5-ACTTTCGTT
CTTGATYRA-3') primers using polymerase chain reaction condi-
tions as described by Stoeck et al. (2010), and sequenced on
454 platform by Research and Testing laboratories. As the reverse
primer TAReukREV3 poorly targets haptophytes, we additionally
sequenced samples with high haptophyte abundance (23 May-
30 July) using the reverse primer HaptoR1 (5-CGAAACCAA
CAAAATAGCAC-3'; Egge et al. 2013).

Sequence analysis

Raw sequencing data included 328,505 reads (3911-26,848
per sample) of length ranging from 221 to 581 bp. They were
analyzed by a custom-made pipeline at the Limnological Sta-
tion, University of Zurich, as described before (Shabarova et al.
2014). Raw sff flowgrams were denoised using AmpliconNoise
(Quince et al. 2011). After quality filtering (bases with Phred
score < 30 were trimmed), sequences were trimmed to 250 bp,
and chimeric sequences were discarded with UCHIME (Edgar
et al. 2011). These procedures reduced the dataset to 146,552
sequences (from 1707 to 15,233 per sample). Operational Taxo-
nomic Unit (OTUs) were clustered by average linkage at similar-
ity levels of 97% wupon the pairwise alignment by the
Needleman-Wunsch algorithm. The most closely related
sequence for each OTU was identified using pairwise alignment
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to the PR2 reference data (Guillou et al. 2013), and the
corresponding taxonomic information toghether with the simi-
larity to the query sequence were assigned. The same procedure
was used to analyze haptophyte data. The sequences obtained
using the general eukaryotic primers set are available under
Bioproject accession number PRJEB23971, and using the reverse
haptophyte primer wunder Bioproject accession number
PRJEB31858.

Sequence data were further analyzed in the R environment
(R Core Team 2015) and Bioconductor. Diversity indexes were
calculated in the SpadeR package (Chao et al. 2015) on sam-
ples rarefied to 1700 reads using the physeq package
(Mcmurdie and Holmes 2013). Rarefactions curves were pre-
pared using the vegan package (Oksanen et al. 2018) and
Figs. 1-5 were prepared using functions from packages physeq,
ggplot2 (Wickham 2009), and cowplot (Wilke 2018).

Design of oligonucleotide probes

I designed three oligonucleotide probes: two for pedinellids
species A. radians and P. elastica and for a haptophyte genus
Haptolina. Phylogenetic trees were calculated in the ARB soft-
ware (Ludwig et al. 2004) using almost full-length rRNA gene
sequences available in the 115 release of the SSURef SILVA
database. The alignments were manually improved prior to the
analysis. The phylogenetic tree of Prymnesiophyceae was calcu-
lated for 164 sequences with 1903 positions filtered by maxi-
mum frequency > 50% and Pavlovophyceae as on outgroup.
For Pedinellales, the phylogenetic tree was calculated using
35 sequences and 1746 position (maximum frequency > 50%)
and sequences from Dictyocha spp. as an outgroup. Hundred
bootstrapped maximum likelihood trees were calculated for
each group, using the RAXML algorithm and gamma model for
base substitution (Stamatakis et al. 2008). New oligonucleotide
probes were designed with the ARB’s Probe Design module. The
specificity of the probes was tested in silico using the ARB Pro-
be_Match function and the SILVA online ProbeCheck tool
against the ENA database (EMBL-EBI, accessed on 28 January
2019). Theoretical hybridization conditions were evaluated
with the mathFISH on-line tool (Yilmaz et al. 2011) and opti-
mized on environmental samples hybridized at increasingly
stringent conditions (20-60% of formamide concentration,
10% steps; Massana et al. 2006) and the highest formamide
concentration at which the brightness of hybridized cells was
still unaffected, was chosen (Table 1). Probes for A. radians were
also tested against nontarget Pseudopedinella sp. RCC668 strain
and probe for Haptolina against nontarget Prymnesium parvum
RCC2056 and Chrysochromulina leadbeaterii RCC3424 strains.

Total nanoplankton counts

About 20 mL of the sample was fixed using the Lugol-for-
malin-Na,S,03 method (Sherr et al. 1987) and filtered on poly-
carbonate membrane filter (pore size 0.8 ym, diameter 25 mm,
Cyclopore, Whatmann). Filters were air dried, stained with 4’-
6-diamidino-2-phenylindole (DAPI; 1 ug mL™"; Coleman 1980)
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and mounted in antifading glycerol medium (Citifluor AF1 and
Vectashield, v/v =35 : 1). At least 200 flagellates were counted
in 10 randomly selected microscopic fields of view at 1000X
magnification by epifluorescence microscopy (Axiolmager.M1,
Carl Zeiss).

Catalyzed reported deposition-fluorescence in situ
hybridization

About 200 mL of water was fixed as described for the total
nanoplankton (TNP) counts. They were filtered onto white poly-
carbonate filters (diameter 47 mm, pore size 0.8 ym, Cyclopore,
Whatmann), which were then air dried and stored at —20°C.

The CARD-FISH procedure was performed as described in
Piwosz and Pernthaler (2010). The filters were embedded in
0.1% (w/v) agarose and incubated in 0.1 mol L' HCl for
20 min at room temperature. Subsequently, they were cut into
20 sections with an approximate surface of 87 mm?. Hybridiza-
tion was performed at 35 or 46°C with horseradish peroxidase-
labeled oligonucleotide probes (Biomers, final concentration:
0.5 ng uL™"). T used 14 probes, details on them and the hybridi-
zation conditions are given in Table 1. Filter sections were
washed for 30 min at 2°C warmer conditions than the hybridi-
zation temperature, and then equilibrated in 1 x PBS-T
(1 x PBS + 0.01% [v/v] Triton-X) for 45 min at 37°C. Fluores-
cent signal from Alexa488-labeled tyramides (Molecular Probes,
Invitrogen) was amplified at 37°C for 30 min. Hybridized filter
sections were mounted on microscope slides with antifading
glycerol medium (Citifluor AF1 : Vectashield, v/v =35 : 1 with
1 ug mL~" of DAPI) and stored at —20°C.

CARD-FISH preparations were analyzed by epifluorescence
microscopy at 1000X magnification (AxioVision.M1, CarlZeiss).
Microphotographs from 10 to 20 randomly selected fields of
view were obtained using ultraviolet/blue (excitation/emission)
for DAPI signals, blue/green for Alexa488 signal from the
hybridized cells, and green/red for chloroplasts autofluorescence.
The micrographs were analyzed manually in the ZEN soft-
ware (Carl Zeiss Microimaging). All visualized DAPI-stained
(min. 1000) and hybridized cells were counted. NPP cells
were counted as Fuk516-hybridized cells of appropriate size
showing chloroplast autofluorescence. Abundance of each
group was calculated from proportions of CARD-FISH counts
to TNP counts by DAPI.

Length and width of the hybridized cells were measured
using the length tool in Zen, and their volume and surface
were calculated assuming cell shape to be a prolate spheroid
(Egs. 1, 2; Olenina et al. 2006). When possible, 100 cells per
sample were measured, otherwise all hybridized cells were
measured (Table 1). More than 11,700 cells were measured in
total. Biovolume (in ym® mL™") was calculated by multiplying
average cell volume by cell abundance.

Volume of prolate spheroid:

%xazxc (1)
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Fig. 1. Nanoplankon diversity in the Gulf of Gdansk in 2012 (based on pyrosequencing data). (A) Rarefaction curve for the whole dataset (separate rare-
faction curves for each sample are available in Supporting Information Fig. S1); (B) estimated species richness in the samples; (C) estimated Shannon
entropy index in the samples; (D) fraction of reads in samples coming from different phylogenetic groups at division (Cercozoa, Chlorophyta, Ciliophora,
Cryptophyta, and Picobiliphyta) or class (Bacillariophyta, Dictyochophyceae, Dinophyceae, Syndiniales, and Synurophyceae) level; error bars represent

95% confidence intervals in panels B and C.

Surface of prolate spheroid:

2

c . 2 a
27a®( 1+ — xarcsine); wheree=1/1-—
ae c2

where a is cell width and c is cell length (a < ¢).

Chlorophyll a (fraction < 20 ym)

About 50-100 mL of sampled water was filtered onto glass-
fiber GF/F filters (Whatmann). The filters were stored in the dark
at —20°C and analyzed within 1 month of collection. Chloro-
phyll a (Chl a) was extracted for 24 h in 90% acetone in the
dark at 4°C and measured using fluorometric method (Evans
et al. 1987) with a Turner Designs 10-005R fluorometer.

Nutrients

About 500 mL of water was collected in an acid-clean con-
tainer, frozen at —20°C and analyzed within a month. Con-
centrations of N-NOj, N-NO,, and N-NH, (their sum is
referred to as dissolved inorganic nitrogen [DIN]), soluble
reactive phosphorous (SRP), and dissolved silicate (DSi) were
determined by methods recommended for the Baltic Sea
(Grasshoff et al. 1976). The detection limits for N-NO3 was
0.1 umol L7!; for N-NO, was 0.02 ymol L™!; for N-NH,
was 0.05 ymol L™!; for SRP was 0.01 ymol L™!; and for DSi
was 0.1 ymol L1,

Statistical analyses
The relationships between environmental data and the
abundance, biovolume, cell volume, and cell SV ratio of
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Fig. 2. Weekly abundances of studied nanoplankon groups in the Gulf of Gdansk in 2012 (based on CARD-FISH data). (A) TNP (phototrophic and het-
erotrophic), NPP, and chlorophytes (Chlo); (B) cryptophytes (Crypt) and CRY-1 lineage (CRY-1); (C) pedinellids (Ped), A. radians (A.rad) and P. elastica
(P.ela); (D) haptophytes (Hapto), Chrysochromulina (Chromu), Haptolina (Haptol), Prymnesium (Prym), and pavlovophytes (Pavlo); (E) plastidic chryso-

phytes; (F) pelagophytes. Scale on Y axes differs between the panels.

studied groups (derived from microscopic analysis as
described above) were analyzed by Bray-Curtis dissimilarity
distance-based linear models (DistML) and distance-based
redundancy analysis (dbRDA) in the PERMANOVA+ add-on
package of the PRIMER7 software (Primer). Environmental
variables were normalized, and a correlation matrix for
the whole set was calculated. From the variables that
were strongly correlated (absolute value of the correlation
coefficient > 0.7) only one was chosen for further analysis.

Abundance and biovolume were log;o(X + 1) transformed.
Cell volume and SV ratio data were lognormally distrib-
uted, thus were log.(X) transformed for statistical analysis
and graphical representation. Analysis was performed
using a step-wise selection procedure, and the best model
was selected based on the statistical significance (9999 per-
mutations), and the values of the Akaike’s information cri-
terion and the Bayesian information criterion (Anderson
and Legendre 1999; Legendre and Anderson 1999). DistML
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Fig. 3. Weekly biovolumes of studied nanoplankon in the Gulf of Gdansk in 2012 (based on CARD-FISH data). (A) TNP (phototrophic and heterotrophic), NPP,
and chlorophytes (Chlo); (B) cryptophytes (Crypt) and CRY-1 lineage (CRY-1); (C) pedinellids (Ped), A. radians (A.rad), and P. elastica (P.ela); (D) haptophytes
(Hapto), Chrysochromulina (Chromu), Haptolina (Haptol), Prymnesium (Prym), and pavlovophytes (Pavlo); (E) Plastidic chrysophytes; (F) Pelagophytes. Scale on Y

axes differs between the panels.

and dbRDA analyses for cell volume and cell SV were addi-
tionally performed upon excluding groups that were too
infrequent to provide enough specimen for measure-
ments in at least four samples (plastidic chrysophytes,
pelagophytes, A. radians, P. elastica, Haptolina, Prymnesium,
and pavlovophytes). As the results did not differ substan-
tially, only the analysis for the whole data set is presented
and discussed here.

Results

Diversity of picoplankton and nanoplankton in the Gulf of
Gdansk by amplicon sequencing

Due to the use of general eukaryotic primers and collection of
organisms onto 0.22 um filters, diversity of both picoplankton
and nanoplankton and of phototrophs and heterotrophs was
investigated here. The total number of all picoplankton and
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Fig. 4. Cell volumes of studied nanoplankon groups in the Gulf of Gdansk in 2012. Due to the lognormal distribution, the values were transformed using
natural logarithm. (A) Total (photo- and heterotrophic) nanoplankton (TNP); (B) nanophytoplankton (NPP); (€) chlorophytes; (D) plastidic chrysophytes;

(E) pelagophytes; (F) cryptophytes; (G) CRY-1
(L) Chrysochromulina; (M) Haptolina; (N) Prymnesium; (O) pavlovophytes.

nanoplankton OTUs was 945. The rarefaction curve for the
whole sampling season (Fig. 1A) as well as curves for the individ-
ual samples (Supporting Information Fig. S1) just started to
bend, indicating that the diversity was not exhaustively sampled
even during such high-frequency-sampling campaign. The esti-
mated number of phylotypes in one sample ranged from 24 to
155 on 27 June to 198-282 on 12 April (Fig. 1B). The changes in
alpha diversity were very dynamic. The longer period of higher
diversity was observed in July and August, and it was followed
by the period of lower diversity until mid-September (Fig. 1C).
The lowest diversity was on 27 June, during bloom of a dinofla-
gellate Heterocapsa triquetra, whose sequences contributed in
almost 98% to all reads on that day (Fig. 1D; Supporting Infor-
mation Table S1). Such high dynamics of alpha diversity empha-
sizes the need of considering frequent sampling in studies of
microbial diversity.

lineage; (H) pedinellids;

(1) Apedinella radians; (J) Pseudopedinella elastica; (K) haptophytes;

As the focus of my study was on NPP, I assigned specific
OTUs into possible groups of interest to be further studied
by CARD-FISH (Supporting Information Table S1). Heterotro-
phic organisms, such as ciliates, cercozoa, and syndiniales,
were excluded. A high proportion of reads was affiliated
with dinoflagellates (Fig. 1D), most of which could not be
assigned below the class level. Those that were belonged
either to larger species, such as Gymnodinium catenatum or
H. triquetra, or to nonphototrophic species, such as Gyro-
dinium dominans. Therefore, dinoflagellates were also not fur-
ther investigated. About 142 OTUs (15%) were tentatively
assigned to NPP, and they contributed above 18% of all
reads (Supporting Information Table S1). In addition,
45 OTUs affiliated with Chrysophyceae-Synurophyceae re-
mained unassigned, but they contributed only < 1% to the
total number of reads.
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Fig. 5. Cell SV ratios of studied nanoplankon groups in the Gulf of Gdansk in 2012. (A) Total (photo- and heterotrophic) nanoplankton (TNP); (B)
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The highest proportion of reads originating from plausibly
nanophytoplanktonic groups belonged to chlorophytes (Fig. 1D)
and affiliated with species and genera such as Oocystis marssonii,
Scenedesmus abundans, and Chlamydomonas hedleyi (Supporting
Information Table S1). However, picoplanktonic genera and
species, such as Micromonas sp. Clade-B.E.3, Bathycoccus prasinos,
Chilorella sp., or Nannochloris sp., were also present. Cryptophytes’
sequences were most represented in libraries starting from July
(Fig. 1D), and they originated from basal CRY-1 lineage and genera
Teleaulax and Geminigera. Dictyochophyceae, mainly pedinellids,
made up larger proportion of reads in July/August and September
(Fig. 1D). Contribution of sequences originating from haptophytes
was low due to the reverse primer mismatch, so they were addition-
ally sequenced with a specific haptophyte primer (Supporting
Information Table S2). Three most abundant genera, which
together contributed to almost 68% of all haptophyte

reads, where Prymnesium (28.7%), Haptolina (22.5%), and
Chrysochromulina (14.4%).

The sequencing data served mainly as the base to choose
algal groups for analysis of their temporal dynamics of abun-
dance and cell size using CARD-FISH (Table 1).

Probes design and validation

I designed and validated three oligonucleotide probes:
Aperad631, Pseelal352, and Haptol640, for A. radians, P. elastica,
and Haptolina spp., respectively (Table 1). Cells hybridized with
the new probes are shown in Supporting Information Fig. S2.

The pedinellids tree was well resolved (Supporting Information
Fig. S3A; Sekiguchi et al. 2003). Probe Aperad631 targets only a
sequence of A. radians and 100% identical environmental sequence
KP404871, and it has at least three mismatches to any other
sequence available in the SILVA database. This probe was tested
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Table 1. List of probes used in this study. HB (%), concentration of formamide in the hybridization buffer; T, hybridization tempera-
ture (washing temperature was 2°C higher); N,, total number of measured cells; and N,,,, mean, minimal, and maximal (in the parenthe-

ses) number of cells measured per sample.

Probe name Target group Sequence (5 — 3') HB (%) T (°C) Reference N Nm
Euk516 All eukaryotes ACC AGA CTT GCCCTCC 20 35 Amann et al. (1990) 3160 101.9 (100-132)
Euk516* NPP ACC AGA CTT GCC CTC C 20 35 Amann et al. (1990) 2504  80.7 (50-106)
Chlo02 Chlorophyta CTT CGA GCC CCC AACTTT 40 35 Simon et al. (2000) 3481 112.3 (30-270)
Chry1037 Plastid of chrysophytes GCA CCA CCT GTG TAA GAG 20 35 Fuller et al. (2006) 120 8.0 (1-44)
Pela01 Pelagophyceae ACG TCCTTG TTC GAC GCT 40 35 Simon et al. (2000) 13 3.3(1-4)
CryptB Cryptophyceae ACG GCC CCA ACT GTC CCT 50 46 Metfies and Medlin 1591  51.3(4-104)
(2007)
CryptP_680 CRY1 cryptophytes CAC AGT AAA CGA TCC GCG CAA 40 35 Piwosz et al. (2016) 336 11.6 (1-50)
Ped675 Pedinellales TCA CAG TAA ACG ACA GGC GT 45 35 Piwosz and Pernthaler 185 6.9 (1-29)
(2010)
Aperad631 A. radians CCA GCA TGA GTC CCC CTG AGG 45 46 This study 45 7.5(2-14)
Pseelal352 P. elastica GCG AAG CAT TCC CAG CAC TAT 30 46  This study 52 8.7 (1-19)
Prym02 Haptophyta GGA ATA CGA GTG CCC CTG AC 40 35 Simon et al. (2000) 1343 48.0 (1-169)
ChrysB2-Clade02  Chrysochromulina AGT CGG GTC TTC CTG CAT GT 40 46 Simon et al. (1997) 634  23.1 (1-103)
PrymB1-CladeO1  Prymnesium GGA CTT CCG CCG ATC CCT AGT 50 46 Simon et al. (1997) 75 10.0 (5-20)
Haptol640 Haptolina GGC AGA CCG GCA GGC AGG ccC 60 35 This study 568 47.3(4-113)
PavlovaO1 Pavlovophyceae CAC CTC TCT CTA CGG AAT 30 35 Eller et al. (2007) 99 9.9 (1-43)

*For NPP counts, only Euk516 hybridized cells showing chlorophyll autofluorescence were included.

against a culture of nontarget species Pseudopedinella sp. RCC668
(88% identity) and it did not show positive signal (Supporting
Information Fig. S2). Probe Pseelal352 targets two sequences that
cluster together with 100% bootstrap support (Supporting Informa-
tion Fig. S3A) and an environmental sequence KP404878 that is
100% identical to sequence of P. elastica, and it does not target a sis-
ter clade, to which some other Pseudopedinella species belong. I did
not have a culture on which I could test the probe, but it has at
least four mismatches to any other sequences, so it is unlikely it
would hybridized to untargeted species.

Probe Haptol640 targets all cultured Haptolina species that
form a monophyletic clade with 85% bootstrap support
(Supporting Information Fig. S3B) and four other sequences
with 99% identity to Haptolina hirta. The probe has at least
two mismatches to untargeted sequences. The probe does not
target the sequence AM490995 that originate from an organ-
isms classified as Haptolina brevifila strain Kawachi (Medlin
et al. 2008). This is not the original strain that has been used
in a study establishing genus Haptolina (Edvardsen et al.
2011), and it clusters with Chrysochromulina parkeae and
Braarudosphaera  bigelowii with 85% bootstrap support
(Supporting Information Fig. S3B). This sequence has 99%
identity to sequence AB058358, classified as Chrysochromulina
brevifilum strain MBIC10518, which also clusters with
C. parkeae in Edvardsen et al. (2011). Thus, it is likely that
sequence AM490995 does not originate from a Haptolina spe-
cies. The probe was tested against nontarget species P. parvum
RCC2056 and C. leadbeaterii RCC3424, and it did not show
positive signal, which confirms its specificity (Supporting
Information Fig. S2).

Abundance and biovolume dynamics of NPP using
CARD-FISH

NPP contributed 45% to 92% to the TNP abundance (Fig. 2A).
Its dynamics was very high, with up to 30-fold changes between
the weeks. NPP abundance varied from 0.6 to 38.9 x 10* cells
mL™" and was the highest in September and October and the
lowest on 27 June (Fig. 2A), during a massive bloom of a dinofla-
gellate H. triquetra (5.3 x 10° cells L™!, Chl a concentration
25.6 ug L', Supporting Information Fig. S4). Specific algal
groups showed distinct abundance dynamics, and NPP peaks
consisted of different algae: chlorophytes showed maxima in
September (Fig. 2A), cryptophytes in June and October (Fig. 2B),
pedinellids in October (Fig. 2C), haptophytes in June-July
(Fig. 2D), plastidic chrysophytes in May (Fig. 2D), and
pelagophytes in June-July (Fig. 2E). Abundance of these algal
groups changed up to 300 times between the weeks. I could show
for cryptophytes, pedinellids, and haptopytes that their maxima
were also formed by different species or genera. For instance,
cryptophyceaen abundance in April and May was dominated
by basal cryptophytes from a heterotrophic CRY-1 lineages,
whose contribution to June and September peaks was substan-
tially lower (Fig. 2B). Similarly, the pedinellid peak in August
was formed mainly by A. radians, whereas the peak in
October was formed mainly by P. elastica with smaller contribu-
tion of A. radians and other pedinellids (Fig. 2C). Finally,
Chrysochromulina and Haptolina contributed most to the
haptophyte peak in June, whereas the peak in July consisted
mainly of Chrysochromulina with only minor contribution from
Prymnesium and Pavlovophyceae (Fig. 2D). This pattern, consis-
tently found for different NPP classes and orders, indicates
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possibility of temporal niche separation not only between dis-
tant groups but also between closely related species and genera.
The biovolume generally followed the pattern observed for
the abundance, but its maxima were shifted for some groups
(Fig. 3). For example, biovolume of all nanoplankton, NPP, and
chlorophytes peaked in June (Fig. 3A) rather than in autumn
months like observed for the abundance, whereas biovolume
of cryptophytes (Fig. 3B) and plastidic chrysophytes (Fig. 3E)
peaked in autumn rather than in spring. In general, the observed
dynamics in biovolume also supports the hypothesis that differ-
ent algal groups contributed to NPP peaks during the season.
HTS and microscopic analysis showed different composi-
tion of nanoplankton community (Figs. 1-2). For instance,
HTS data indicated importance of dinoflagellates and ciliates
in nanoplankton, which together contributed 65% of all reads
(37.2% and 27.8%, respectively; Supporting Information
Table S1.). In contrast, microscopic data pointed to domi-
nance of chlorophytes, which contributed from 13% to almost
100% of TNP abundance (47% on average). Similar disagree-
ment was also present for haptophyte data, for which HTS
data for samples collected from 23 May to 30 July pointed to
Prymnesium to be the dominant genus at that time (28.7% of
total reads; Supporting Information Table S2), whereas it con-
tributed below 4% to haptophyte abundance estimated by
CARD-FISH (Fig. 2D). Due to this disagreement, I decided to
focus on data obtained only from microscopic measurements.

Dynamics of nanoplankton cells’ volume and surface-to-
volume ratios

All groups studied by CARD-FISH were predominantly
nanoplanktonic (cell size between 2 and 20 ym). NPP cell volume
ranged over four orders of magnitude: from 0.3 to 3140.35 um?
and showed log normal distribution for all studied groups
(Supporting Information Fig. SS5). The average cell volume chan-
ged very rapidly from 1 week to another (Fig. 4). The largest cells
were observed in June, at the beginning of September, and in
October and the smallest in spring (Fig. 4A,B). Chlorophytes were
generally the smallest, with mean cell volume around 10 xm?
most of the season. Interestingly, small chlorophytes almost
entirely disappeared during the bloom of H. friquetra on June
27, and the average cell volume increased to 98.95 + 318.84 um?
at that time, with the largest cells being > 3000 ym® (Fig. 4C).
Plastidic chrysophytes were also rather small, and their cell vol-
ume was < 13 ym?® except for mid-July and early August, when it
was > 60 um?® (Fig. 4D). The average cell volume of pelagophytes
was 78.16 + 34.42 ym?> (Fig. 4E). Cell volumes of cryptophytes
were low in spring and gradually increased after summer, when
large, photrophic cells dominated (Fig. 4F). Their small mean cell
volume in early spring was caused by the high contribution of
CRY-1 lineage, the cell volume of which was generally invariable
over the season (Fig. 4G). The mean cell volume of pedinellids
was 156.26 + 170.13 ym? (Fig. 4H), and it ranged from 16.86 to
1347.32 yum>. P. elastica was larger than A. radians (Fig. 41]).
Haptophyte cell volume ranged from 5.97 to 507.94 ym?, but the
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mean did not vary much over the sampling season (Fig. 4K).
Chrysochromulina was the smallest (from 6.03 to 351.33 ym?,
mean 46.35 + 27.79 ym?), followed by Haptolina (from 16.59 to
296.77 yum*, mean 92.18 + 40.52 ym®) and Prymmesium (from
23.32 to 354.59 ym>, mean 154.24 + 71.55 ym?). The cell vol-
ume of Chrysochromulina slightly increased in autumn (Fig. 4L),
but cell volume of Haptolina and Prymnesium did not vary
(Fig. 4M,N). Cell volume of pavlovophytes ranged from 21.44 to
170.07 um? (Fig. 40).

Cell SV ratio varied from 1.6 to 63.3 and showed log normal
distribution for all studied groups (Supporting Information
Fig. S6). Its seasonal dynamics showed opposite trends to those
observed for cell volume. The highest SV ratios were observed
in April and May, and the lowest in summer for all
nanoplankton, NPP and chlorophytes (Fig. 5A-C). SV ratios for
other groups varied only slightly and without a clear seasonal
pattern (Fig. SD-O). A general pattern that emerged here was
that the variability of cell volume and SV ratio tend to be lower
for specific groups, indicating that the changes in size structure
within NPP may be related to changes in community composi-
tion rather than to physiological responses of algal species.

Correlations with environmental variables

The dynamics of the environmental variables was typical for
the area, with maximal temperatures and minimal nutrient con-
centrations in summer (Supporting Information Fig. $4). Inter-
estingly, there was a sudden peak of SRP concentration
accompanied by a massive bloom of a dinoflagellate H. triquetra
on 27 June, which coincided with very low nanoplankton diver-
sity, abundance, and biovolume (Figs. 1-3).

The measured characteristics of studied NPP groups correlated
differently with the environmental variables. Dynamics of abun-
dance and biovolume (obtained using CARD-FISH) were best
explained by temperature, DIN, SRP, and DSi, which explained
41.5% of total variance in abundance (p = 0.0129) and 38.7%
(p = 0.0145) in biovolume (Fig. 6A,B). DIN was negatively related
with most groups, explaining 16.8% of variance in abundance
and 15.2% in biovolume, whereas temperature, SRP, and DSi
explained about 7-8% each. Cell volume also significantly corre-
lated with temperature, DIN, and SRP, which together explained
48.5% of its total variance (p = 0.0014; Fig. 6C), but most of the
variance (21%) was explained by temperature, with DIN and SRP
accounting for about 13-14% of the explained variance each.
Similarly, temperature, DIN, and SRP collectively explained
42.7% of the total variance is the SV ratios (p = 0.0118; Fig. 6D),
but it was SRP that was most important (22.4%). These correlative
analyses disagree with my initial assumption that abundance and
biovolume will be more explained by the temperature, while cell
volume and SV ratio by concentrations of inorganic nutrients.
Nevertheless, abundance, biovolume, cell volume, and SV ratio of
different NPP groups did correlate differently with the environ-
mental variables, suggesting that the environmental factors that
well explain total NPP variability may be of lower importance for
specific groups (Fig. 6; Supporting Information Table S3). For
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Fig. 6. Ordination plots of dbRDA relating the observed variability in abun-
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(panel €), and average cells SV ratio of NPP (panel D).

example, temperature significantly correlated with abundance
and biovolume of total NPP, chlorophytes, and cryptophytes but
not with abundance of haptophytes or pedinellids. The differ-
ences existed also within taxonomic groups: abundance and
biovolume of all haptophytes correlated only with DIN, but
Chrysochromulina correlated also with SRP and Haptolina only
with temperature (Supporting Information Table S3A,B). Similar
differences were also observed for cell volume and SV ratios
(Fig. 6C,D), e.g., cell size and SV ratio of haptophytes were best
explained by temperature, SRP, and DIN, but of Chrysochromulina
only by temperature (Supporting Information Table S3C,D).
These results agree with my hypothesis and support the view that
the observed different dynamics of studied algal groups could
have resulted from temporal niche separation. However, it is
important to realize that these are only correlative relationships
that need to be verified experimentally.

Discussion

In this study, I obtained novel data on ecology of specific
NPP groups: their diversity, abundance, biovolume, and cell
size. The exploratory analysis of these data allowed for the
insight into the factors that can potentially affect dynamics of
these groups in coastal, brackish waters. As NPP tend to be a
dominant fraction in terms of abundance, biovolume, and
activity (Sherr et al. 2007; Piwosz et al. 20154; Roy et al. 2017),
such knowledge enhances the current understanding of pro-
cesses within phytoplankton communities.

Dynamics of specific nanophytoplankton lineages

Phototrophic dinoflagellates and diatoms, which were not
studied in detail here, might be important part of NPP (Kownacka
et al. 2013). These groups have been intensively investigated in
the Baltic Sea for over a century, and the collected knowledge on
their temporal and spatial dynamics has allowed for development
of diat/dino index for the assessment of environmental status
(Wasmund et al. 2017). In contrast, the ecology of groups on
which I focused here is less known, as they are either omitted
(such as pelagophytes or pedinellids) or classified only at higher
taxonomic resolution (e.g., cryptophytes) during routine phyto-
plankton surveys (Helcom 1988). As their contribution to total
NPP abundance and biovolume is substantial (Figs. 2-3), it is
important to fill this knowledge gap.

Coastal NPP communities are very dynamic, suggesting
existence of temporal niche separation

The changes in nanoplankton diversity were very dynamic
in the Gulf of Gdansk, with values of species richness and
Shannon entropy varying over twofold from 1 week to
another (Fig. 1B,C), but within a range reported previously
(Piwosz et al. 2018). Such high dynamics points to the impor-
tance of temporal sampling in recovering the true picture of
nanoplankton diversity on coastal waters.

Sequencing confirmed persistence of groups and phylotypes
recovered previously from the Gulf of Gdanisk and the Baltic Sea
(Hu et al. 2016; Piwosz et al. 2018). However, groups found
abundant using CARD-FISH were under-represented in the
sequencing libraries. Amplicon sequencing seems to be quantita-
tively inaccurate (Piwosz et al. 2015b; Grujci¢ et al. 2018)
because of biases introduced during sample processing (Tedersoo
et al. 2010). Therefore, I used the sequencing results mainly to
select groups to be further analyzed by CARD-FISH.

Dynamics of heterotrophic nanoplankton abundance in
coastal waters is very high (Piwosz and Pernthaler 2010; Piwosz
and Pernthaler 2011). Here, I showed that this is also the case
for the NPP, whose total abundance and biovolume varied up to
30-fold within a week (Figs. 2-3). A similar magnitude of weekly
changes was observed at higher taxonomic levels, e.g., for
chlorophytes, chrysophytes, or cryptophytes. However, at the
level of order or genus, abundance and biovolume changed a
100-fold within a week, indicating their high growth and mor-
tality rates and emphasizing their importance in food webs and
biochemical cycling. Moreover, multiple peaks recovered at
higher phylogenetic level were composed of distinct species or
genera, as documented for cryptophytes, pedinellids, and
haptophytes (Fig. 2B-D). This may be explained by temporal
niche separation, possibly resulting from differences in their
physiology which has been well documented for cultured Pry-
mnesium and Chrysochromulina species (e.g., Jones et al. 1993;
Hansen and Hjorth 2002; Graneli et al. 2012; Liu et al. 2015).
The hypothesis of temporal niche separation was also supported
by different correlations of studied algal groups with environ-
mental variables (Fig. 6; Supporting Information Table S3), but
such statistical analyses require experimental verification.
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A seasonal pattern emerged from this high weekly dynamics,
with some groups being more abundant in spring and other in
summer or autumn (Figs. 2-3). Seasonal changes are well known
in coastal waters for microphytoplanktonic diatoms and dinofla-
gellates (Aubry et al. 2004; Wasmund et al. 2011), but are poorly
documented for specific nanophytoplanktonic groups. Unfortu-
nately, a year’s worth of data are insufficient to decipher existence
of phenological phenomena. Summer maxima of haptophyte
abundance, observed in the Gulf of Gdansk in this study and in
2007 (Figs. 2-3; Supporting Information Fig. S7), were also
observed in Skagerrak (Kuylenstierna and Karlson 1994; Lekve
et al. 2006). Conversely, pedinellids showed their maxima in the
Gulf of Gdansk in October in 2012 (Fig. 2C) and in May/June in
2007 (Piwosz and Pernthaler 2010). A 2-yr-long series from eutro-
phic Rodrigo de Freitas Lagoon in Brazil showed lack of reccurent
patterns for eustigmatophytes or cryptophytes (Alves-De-Souza
et al. 2017). Multiannual time series are required to conclude on
existence of recurrent phenological patterns of specific NPP
groups (Stern et al. 2018).

NPP size structure in coastal waters

Size structure of phytoplankton communities is a fundamental
feature for ecosystem functioning, as it determines primary pro-
duction, nutrient cycling and export to deep waters, and food
webs structure (Finkel et al. 2010). It is strongly affected by envi-
ronmental factors, especially by concentration of nutrients, with
larger cells predominating in eutrophic waters (Marafiéon 2015).
Shifts in phytoplankton size structure typically result from shifts
in the community composition (Marafién et al. 2012). However,
whether and how cell size of specific species changes in the envi-
ronment is less known, despite the fact that intraspecies cell size
variability can be pronounced (Parke et al. 1955). Here, I showed
that the cell volume and SV ratio varied substantially for all NPP
and at class level, but they were rather invariable at genus, species,
or a lineage level (Figs. 4-5). In contrast to my prediction, it was
temperature that explained most of the variability in cell volume
of the studied NPP groups in the Gulf of Gdansk (Fig. 6C). As mor-
phological diversity of nanophytoplanktonic algae is low com-
pared to microalgal groups like diatoms and dinoflagellates, their
SV ratio scales inversely (but not linearly) with cell volume. Still,
the variability in SV ratios was most explained by SRP concentra-
tions, whereas effect of temperature was almost two times lower
(Fig. 6D). Moreover, different species may show various responses.
For instance, cell volume of pedinellid species A. radians and
P. elastica and of cryptophytes correlated stronger with concentra-
tions of nutrients (DIN and SRP, respectively) than with tempera-
ture (Fig. 6; Supporting Information Table S3). Such variability
between different species and groups emphasizes the complexity
of processes controlling cell size of NPP species under natural con-
ditions, where they are usually affected by multiple environmen-
tal factors at once (Browning et al. 2017).

Correlation studies do not allow causative understanding of rela-
tionships between the observed factors. Here, the measured envi-
ronmental variables explained less than 50% of the observed
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variability in abundance, biovolume, cell size and SV ratio of the
studied NPP groups, and remaining variability could likely have
been explained by other factors, such as irradiance, grazing, or com-
petition (Mei et al. 2009; Finkel et al. 2010; Marafion et al. 2013).
For instance, abundance and biovolume of all studied groups and
total NPP dropped almost to null during the massive bloom of
H. triquetra (Figs. 2-3), and the only cells that could still be detected
were large chlorophytes (average cell volume > 70 um?; Fig. 4C),
indicating some sort of interspecies interactions but also a possible
effect of high SRP concentration at that time (Supporting Informa-
tion Fig. S4). Moreover, most studied groups are mixotrophic,
which confounds their dependence on inorganic nutrients
(Andersson et al. 1989; Jones et al. 1993; Tillmann 1998; Piwosz
and Pernthaler 2010; Mckie-Krisberg and Sanders 2014; Grujci¢
et al. 2018). Finally, coastal waters are very dynamic systems, where
plankton communities constantly mix (Bazin et al. 2014; Piwosz
et al. 2018), affecting the observed dynamics in community com-
position and size structure of NPP. Experimental approaches are
essential to verify whether the correlations observed here are mean-
ingful, and to progress our understanding of NPP dynamics.

Conclusions

NPP dynamics in coastal waters of the Gulf of Gdarnisk was very
high, and abundance and biovolume of various NPP groups chan-
ged a 100-fold within a week. Studied algal groups showed distinct
seasonal patterns and correlated differently with environmental
variables, indicating temporal niche separation between closely
related genera and species. Temporal changes in size volume and
SV ratio were substantial at class level, but variability of cell size was
low at genus/species level, indicating that the changes in NPP size
structure resulted from changes in the community structure.
Redundancy analysis pointed to concentration of DIN as the factor
explaining most of the variability in the abundance and biovolume,
to temperature for cell size, and to concentration of SRP for cell SV
ratio. The importance of these correlation, and the possible mecha-
nisms behind them, still need to be determined experimentally.
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