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A Driver for Ciliate Trophic Strategies
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" Department of Bioscience, Aarhus University, Roskilde, Denmark, 2 National History Museum of Denmark, University of
Copenhagen, Copenhagen, Denmark

Phytoplankton plays a key role as primary producers and mediating biogeochemical
cycles in the water column. The understanding of the temporal dynamic of primary
grazers channeling energy and carbon from primary producers is important for
evaluating aquatic ecosystems functioning. This study investigates the coupling between
phytoplankton and ciliates from live samples collected with approximately daily frequency
during an almost 2-year cycle. The study site is a nutrient-rich temperate estuary,
Roskilde Fjord (Denmark). Our aim is to evaluate the importance of protist grazers,
especially ciliates, as predators on phytoplankton and to evaluate differences among
multiple nutritional strategies through different seasons. The phytoplankton community,
was mostly dominated by small organisms (<20 wm) with few observations of diatoms.
In most of observations, heterotrophic dinoflagellates biomass was smaller than biomass
of ciliates (<10%), indicating that ciliates are the main component of microzooplankton.
Except for the spring 2016, the ciliate community closely followed the phytoplankton
community, showing a tight coupling between the primary producers and grazers during
all seasons. This somehow contradicts the general assumption that ciliate dominance
is restricted to periods of nutrient limitation dominated by the microbial food web and
suggests a year-round key role of ciliates as consumers of phytoplankton biomass.
Biomasses of ciliates increased during spring and were highest during summer. Relative
importance of mixotrophs were high due to occurrence of Mesodinium rubrum blooms
as well as other mixotrophic ciliates in late spring/early summer. M. rubrum biomass had
the opposite pattern of the cryptophyte prey Teleaulax spp., and the coupling between
the two populations was very strong in late spring. Ciliates that grazed on selected
phytoplankton, had a smaller potential grazing impact regarding their biomasses, likely
due to food limitation; conversely ciliates that feed on diverse prey items were less
constrained by food limitation, and their seasonality appear to be driven by other factors.
These findings suggest that the ciliate community structure and dynamics is important
in structuring the phytoplankton community on short and seasonal scale.
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INTRODUCTION

Phytoplankton primary production supports higher trophic
levels and fuels microbial remineralization (Azam et al., 1983;
Sherr and Sherr, 1988). The dominant pelagic grazers of
phytoplankton are typically associated with distinct operating
modes of the food web compartments and nutrient cycling.
Heterotrophic protist grazers and microzooplankton dominance
is usually associated with the microbial loop and regenerated
production; while mesozooplankton is associated with a linear
food chain and export production (Fenchel, 1988; Buitenhuis
et al., 2006). Grazing on particulate primary production in the
global ocean surface is ~10-15% for mesozooplankton and 59-
75% for microzooplankton (Behrenfeld and Falkowski, 1997;
Calbet, 2001; Landry and Calbet, 2004; Buitenhuis et al., 2010),
with estimates for coastal and estuarine systems usually in the a
lower range (Landry and Calbet, 2004).

Ciliates constitute an important component of the
microzooplankton community with preference for small-
sized preys, in contrast to mesozooplankton, and many ciliate
species are also grazed by mesozooplankton (Hansen et al., 1997).
Thus, ciliates can be an important link between small cells and
higher trophic levels (Nielsen and Kiorboe, 1994). Besides their
significant role in carbon transfer, ciliates are also considered
high quality food, as a source of proteinaceous compounds with
a low C:N ratio in comparison to phytoplankton (Stoecker and
Capuzzo, 1990; Gifford, 1991).

Although many ciliates are heterotrophs, a number of pelagic
species are mixotrophic, combining both phagotrophic and
phototrophic nutrition (Stoecker, 1998). The recognition of
mixotrophy in the marine plankton food web has challenged
the classical understanding of pelagic food webs, as autotrophy
and heterotrophy are not necessarily two distinct functional
compartments (Flynn et al., 2013). Classical understanding of
ecological interactions among plankton, such as competition
for nutrients, indicates that nutrient uptake affinity decreases
with organism size (Edwards et al., 2012), favoring smaller sizes
under resource limiting conditions. Mixotrophy is advantageous
to organisms under nutrient limited conditions, allowing
them to reduce direct competition by grazing on smaller
prey and increase direct ingestion of nutrients (Mitra et al.,
2014). Modeling results suggest that mixotrophy favors larger
organisms, and therefore enhances trophic transfer efficiency
(Mitra et al., 2014; Ward and Follows, 2016). On top of that,
mixotrophy appears to be important over both, space and
time, in marine systems (Leles et al., 2017), stressing the need
for ecological field studies to further elucidate the role of
mixotrophy.

Today, the importance of ciliates in the marine environment,
including coastal and estuarine systems, is well recognized
(Calbet and Landry, 2004). However, the role of ciliate
nutrition mode and its impacts on ecosystem productivity is
understudied for a number of reasons. One is that most plankton
monitoring programs focus on analyzing phytoplankton and
mesozooplankton only and similarly, many field studies do not
include analyses of ciliates. Second, fixation can destroy cells
and change their characteristics, such as color, size, and shape

(Choi and Stoecker, 1989; Stoecker et al., 1994), constraining the
distinction between mixotrophs and heterotrophs. In addition,
even if ciliates are properly recorded, many studies employ
monthly sampling, which hampers the investigation of ecosystem
trophodynamics due to the fast growth responses of ciliates and
phytoplankton.

The use of in-flow systems (e.g., flow cytometry) have
routinely been used to assess plankton communities, including
different size fractions (Dashkova et al, 2017). Using these
technologies in high frequency monitoring of plankton has
demonstrated that short-term events can be easily missed
with sampling frequencies typically employed for monitoring
(Thyssen et al., 2008; Campbell et al., 2013; Dugenne et al., 2014).
Furthermore, in-flow systems allow analysis of live samples,
avoiding loss and shrinkage of cells due to fixation (Jakobsen and
Carstensen, 2011; Haraguchi et al., 2017). Thus, the use of in-flow
systems can improve our knowledge on the coupled dynamics
of phytoplankton and ciliates, by allowing a large number of
samples to be analyzed in relatively short time.

This study aims to assess the temporal coupling between
phytoplankton and its protist grazers in a temperate mesohaline
estuary (Roskilde Fjord, Denmark), evaluating differences in
potential grazing rates of distinct trophic strategies over different
time scales. More specifically, this study seeks to answer the
following questions: (1) Are ciliates the dominant pelagic grazers
in Roskilde Fjord? (2) Do mixotrophic ciliates comprise a
significant proportion of the total ciliate biomass and thereby
contribute significantly to the transfer of energy to higher trophic
levels?

MATERIALS AND METHODS

Study Area and Sampling

Roskilde Fjord (RF; see Figure S1 for a map of the study area
and sampling pier) is a mesohaline, shallow and well-mixed
estuary with a long residence time (up to 2 years) due to low
river discharge and low tidal influence (Kamp-Nielsen, 1992).
The estuary consists of two larger broads connected by a long
narrow channel oriented in a south-north direction. It receives
relatively high nutrient inputs due to dominance of agriculture
in the RF catchment, which enhance primary production (Staehr
et al., 2017).

Surface water (2 L) was sampled with a bucket from the Riso
pier (55°41'30.19”N, 12° 4'55.24"E; Figure S1) almost every day
from 15 February 2016 until 01 November 2017. Samples were
delivered to the laboratory for immediate analysis within 10 to
20 min after sampling. Temperature and salinity were measured
with an YSI Professional Plus multiparameter handheld meter
(YSI, USA). Phytoplankton was analyzed with a pulse shape
recording flow cytometer, whereas ciliates were analyzed by a
color FlowCAM IV (see below).

Laboratory Analysis

Nutrients

Dissolved inorganic nutrient samples were stored frozen in 30 ml
acid-washed plastic bottles. The samples were analyzed on a San
++ Continuous Flow Analyser (Skalar Analytical B.V, Breda,
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NL) as previously described (Grasshof, 1976; Kaas and Markager,
1998). Detection limits were 0.04, 0.1, and 0.3 jumol L™! for NO3 ,
NO;, NH] . Dissolved inorganic nitrogen (DIN) concentrations
were calculated as the sum of the concentrations of NO;, NO3,
and NH; .

FlowCAM

Ciliate abundances and body volumes were analyzed from
live samples using a color FlowCAM IV (Fluid Imaging
Technologies, USA), following Calbet et al. (2014). From 15
March 2016 until 20 February 2017, samples were analyzed
using a 4x objective and a flow cell FC300, whereas samples
from 21 February until 1 November 2017 were analyzed using
a 10x objective and a flow cell FC100x2. User calibration
with standard beads (polymer microspheres of 50 pm, Thermo
scientific™) were done for both magnification to validate counts
and volumes calibration. The instrument was run in auto
image-mode for both magnifications, capturing all particles
in the range of 15-1,000 um. The analysis time for each
sample was ca. 40 min. (4x) or ca. 3h (10x), corresponding
to the analyzed volume of 20 and 10 ml, respectively. During
analysis, samples were gently stirred (approx. 3.14rad s !)
and kept under dim light at room temperature (about 15-
20°C). We assumed that cell loss during the analysis was
insignificant, as no differences were observed between cell
numbers recorded at the start and end of the runs. After
sample processing, recorded images were manually sorted into
ciliate morphotypes and dinoflagellate trophy, based on features
such as cell size, color, and general morphology. Equivalent
Spherical Diameter (ESD) and body volume were estimated
by the software package VISP 3.17 (Fluidlmagine™). Cell size
was estimated by the area based diameter (ABD) algorithm
of VISP 3.17 (Jakobsen and Carstensen, 2011), except for
tintinnids. This group of loricated ciliates can have their volumes
overestimated from FlowCAM images, thus their individual
volume was calculated as a prolate spheroid with diameter
equal to the lorica width, and the length as 120% of width.
Carbon biomass was obtained by converting volume to biomass
using a generic protist volume-to-carbon conversion formula
(Menden-Deuer and Lessard, 2000). The higher magnification
allowed for identification of more morphotypes, which were
grouped when necessary to match the 4x morphotypes. In all
samples non-identified blurred images of ciliates were present,
however these accounted for <5% of the observations in all
samples.

Flow Cytometer

We employed a pulse-shape recording flow cytometer (PFCM)
(CytoSense, Cytobuoy, NL) to analyse phytoplankton. This
technique is suitable for rapid analysis of the phytoplankton
size spectra, providing cell counts comparable to those obtained
with traditional microscopy and more reliable information for
picoplankton (Haraguchi et al, 2017). Additionally, it also
provides information on cell size and morphology due to its
capacity to store the optical profile for each particle, recorded as
they travel through the flow cell. The instrument has a 488 nm
laser, fluorescence sensors (yellow/green ~550nm, orange

~ 600-650 nm and red ~650-700 nm) and two scatter sensors,
for light scattered parallel (forward scatter) and orthogonal
(sideward scatter) to the incident laser beam. All the optical
sensors are duplicated (except for the forward scatter) but set
to different sensitivity for precise recording of both larger and
smaller particles. Optical particle profiles from live samples (500
1000 L, sampled at a flow rate of 8 L s~!) were collected using
the software CytoUSB (cytobuoy.com), with a lower threshold
of 30mV for the high sensitivity red fluorescence sensor. This
trigger was set to include only particles containing chlorophyll
a (phytoplankton cells). Recorded cells were clustered according
to similarities in their optical properties [length and total
Forward Scatter (FWS), total red fluorescence (FLR); total
orange fluorescence (FLO); total Sideward Scatter (SWS)],
using the software CytoClus3 (cytobuoy.com). Particles were
assigned to one cluster only and the same clustering algorithm
was employed for all samples. Taxonomical information was
obtained for some of the clusters based on their optical
characteristics and photos taken by the equipment, which were
cross-referenced with qualitative information obtained from live
samples examined by light microscopy. Carbon biomass was
obtained by converting total FWS to volume by applying the
empirical formula in Haraguchi et al. (2017) and then converting
volume to biomass using a generic protist volume-to-carbon
conversion formula (Menden-Deuer and Lessard, 2000). Note
that for some characteristic and/or abundant groups (e.g., chains,
pico-eukaryotes, Teleaulax spp.) group-specific clusters were
identified based on cells characteristics (size, shape, fluorescence).
Other clusters, like nano-flagellates and micro-phytoplankton,
comprised multiple species with lower relative abundance and no
specific clusters could be drawn. For those, cluster definition was
based on general functional features such as size and fluorescence
levels.

Ciliates Potential Grazing Rates

Ciliate Trophic Strategy Definitions

During the study, 13 different ciliate morphotypes were identified
(Figure 1). Heterotrophs were divided into three groups: (i)
herbivores that were always observed with the same type of
food in vacuole; (ii) herbivores with varying food content; and
(iii) carnivores (ciliates that can also feed on other ciliates).
Mixotrophs were identified as ciliates with a strong colouration
and chloroplasts located throughout the cell periphery, and were
assigned into two different groups following Mitra et al. (2016).
Based on compiled information from the literature (Table 1), the
ciliate morphotypes were grouped into five trophic strategies:

1. Specialist Non-Constitutive Mixotroph (SNCM): ciliates that
acquire their chloroplasts and obtain them from specific prey.

2. General Non-Constitutive Mixotroph (GNCM): ciliates that
acquire their chloroplasts and obtain them from multiple prey.

3. Selective herbivore (SH): heterotrophs that ingest a narrow
range of prey.

4. Generic herbivore (GH): heterotrophs that ingest a broad
range of prey.

5. Carnivore (Cv): heterotrophs that ingest a broad range of prey,
including other ciliates.
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FIGURE 1 | Selected images showing different ciliates morphotypes found in Roskilde Fjord during the study period: (1) Mesodinium rubrum; (2) Strombidium spp; (3)
Strombidium cf. capitatum; (4) Strombidium cf. conicum; (5) Tinitinnids; (6) Mesodinium cf. velox; (7) cf. Pelagostrobilidium; (8) Balanion comatum; (9) cf. Urotricha;
(10) Choreotrichida; (11) Oligotrichida; (12) Askenasia; and (13) Didinium. Assigned trophy strategies are displayed as letters, accompanying the morphotypes
numbers: (a) Specialist Non-Constitutive Mixotroph (SNCM); (b) General Non-Constitutive Mixotroph (GNCM); (c) Selective phagotroph (SP); (d) Generic phagotroph
(GP); and (e) Carnivore (Cv). Note that some of displayed cells of M. rubrum (1a) are grabbing particles that are not their preferential prey (Teleaulax spp).
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TABLE 1 | Ciliate morpho-types, trophy mode, their assigned potential preys in
this study and references used to support preys assignment.

Ciliate
morpho-type

Number References

(Figure 1)

Prey

SPECIALIST NON CONSTITUTIVE MIXOTROPH (SNCM)
1 Mesodinium rubrum Smith and Hansen,
2007; Peltomaa and
Johnson, 2017

GENERALIST NON CONSTITUTIVE MIXOTROPH (GNCM)

Teleaulax spp.

2 Strombidium spp Pico eukaryotes Johnson, 2011;
and small Schoener and
nano-flagellates McManus, 2012; this
study
3 Strombidium cf. Pico eukaryotes Johnson, 2011;
capitatum and small Schoener and
nano-flagellates McManus, 2012; this
study
4 Strombidium cf. Pico eukaryotes Johnson, 2011;
conicum and small Schoener and
nano-flagellates McManus, 2012; this
study
SELECTIVE HERBIVORE (SH)
5 Tintinnids Pico eukaryotes Montagnes, 2012
and small
nano-flagellates
6 Mesodinium cf. Nanoflagellates Tamar, 1986
velox
7 cf. Pico eukaryotes This study
Pelagostrombilidium ~ and small

nano-flagellates
GENERIC HERBIVORE (GH)

8 Balanion comatum 5pm <prey> Jakobsen and
15um Montagnes, 1999
9 cf. Urotricha 10 pum <prey> This study
25pum
10 Choreotrichida 10pwm <prey> This study
25um
11 Oligotrichida 10 pm <prey> This study
25um
CARNIVORE (CV)
12 Askenasia 15 pm <prey> Earland and
40 um Montagnes, 2002; this
M. rubrum study
13 Didinium 15 pm<prey> Hewett, 1988

40 pm Including
ciliates

Prey Definition

FlowCAM 1V allowed for identification of different ciliate
morphotypes, and for the identification of prey items inside
many of the ciliates. Food items were identified from food
vacuoles, and based on their characteristics (size, shape, color),
they were related to phytoplankton groups when possible.
While some morphotypes were always observed with similar
food vacuoles, others were observed with food vacuoles of
different shapes, colors and sizes, indicating selective or generic
prey preferences among ciliates types (Figure 1). Potential prey
items used in the modeled grazing rates were assigned to

each ciliate morphotype based on FlowCAM images (Figure 1;
Table 1).

Potential Grazing

The potential grazing of different ciliate groups were estimated
by calculating ingestion and clearance rates (see Table2
for nomenclature) following Hansen et al. (1997), with the
exception of Mesodinium rubrum (see below). Generic maximum
ingestions and clearance rates (normalized to predator volume)
at standard temperature of 20°C were estimated from the volume
of the ciliate cell using parameters from Hansen et al. (1997).

Inax = 50.1 - Vcil_0'225 (1)
Ciax = 70.6 - 10°¢. Vcil—0.225 2)

From these, the half-saturation food density was found

Imax

Ky, = =0.710 - 10° (3)

max

equivalent to 0.710 ppm. Cell-specific ingestion rates for the
different ciliate groups were subsequently calculated as a function
of food density of preferred prey (d) and water temperature (T)
using the overall average Q9 =2.8 from Hansen et al. (1997).

Tnax - d (T—20)
Icell(d> T, Vcil) = Vcil . ﬁ - {10
m
50.1- V702> . 4 (T-20)
= cil'—(KCl_l_d) “Quo © (4
m

The ingestion rate for the entire ciliate group was found by
summation across all cells within the group and accounting for
the sampling volume

1

I(dr T) Vcil) - V.

: Z Icell(d) T, Vcil) (5)
sample

This volume-specific ingestion rate was subsequently converted
into carbon units with a scaling factor (rc.y), which was
calculated from the volume-to-carbon conversion formula (f())
of Menden-Deuer and Lessard (2000) applied to the sample
distribution of prey cell volumes (Vrey)

_ ) cellcarbon > (Vorey)

= = 6
> cellvolume > Vorey (©)

rc:v

When prey densities (d) were smaller than the half-saturation
food density (Kn), potential food limitation is indicated. When
food-limitation is observed, the prey ingested by a given ciliate
is smaller than what it could potentially ingest based on its body
volume, thus resulting grazing rates are smaller than expected for
that ciliate.

For M. rubrum, potential grazing was defined based on
cell counts, as daily specific prey intake has previously been
reported to vary between 0.4 and 5 Teleaulax cells for each
Mesodinium (Smith and Hansen, 2007). Three potential ingestion
scenarios were estimated based on minimum (0.4 cryptophyte
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TABLE 2 | Variables used for estimating ciliate grazing rates in Eq. 1-6.

Variables Unit Description

T °C Water temperature

Vsample ml Volume of the FlowCAM sample

Ve pms Ciliate cell volume

Vorey ums Prey cell volume

3 —1 "

d HMrey) ml Prey density

Km um(sprey) mi—1 Half-saturation for food density

Cmax Mm(?a?edator) mid~" Volume-specific maximum
clearance rate

Imax umérey) Mm(?)?edator) a1 Volume-specific maximum
ingestion rate

leen(d, T, Vi) umérey) d-! Volume-specific ingestion rate
per ciliate cell

Id, T, Vi) um(?yey) mi=1 g1 Volume-specific ingestion rate for

ciliate group

cells Mesodinium™' day~!), maximum (5 cryptophyte cells
Mesodinium™=' day~!), and average (2.7 cryptophyte cells
Mesodinium™! day’l). Daily intake rates (min, average, and max
in cells L=! d~1) were calculated by scaling the cell-specific rates
with the observed M. rubrum cell density. Finally, these daily
intake rates were converted into carbon units by multiplying with
the average individual cryptophyte C biomass of that particular
sampling day.

STATISTICAL ANALYSIS

To evaluate the seasonality of the different ciliate morphotypes, a
linear mixed model was fitted to quantify the biomass variation
across months. Biomass observations were log-transformed to
account for scale-dependent variability. The model included a
random factor for the seasonal variation between the years and
residual variation included an autoregressive process AR(1) to
account for potential autocorrelation between the daily samples.
The mixed effect models were fitted in R (R Core Team, 2017),
using the nlme package (Pinheiro et al., 2017).

Prey-predator biomasses dynamics were quantified as the
distance between consecutive observations, as the distance is
proportional to differences in biomasses of both prey and
predator. The distances were calculated as the Euclidean distance
of log-transformed biomass data of phytoplankton and ciliates,
which were separated according to the ciliates trophic strategies
and their assigned preys (Table 1). Therefore, the Euclidean
distance was used as a descriptor of the prey-predator dynamics,
with longer distances associated with more variability in the
biomasses of prey-predator pairs. As the study does not
encompasses two full year cycles, differences between years were
assessed considering only the productive season (15 March until
1 November).

To summarize the potential C flux through ciliates, simplified
estimates of prey C biomass and potential grazing by the
different trophic strategies were calculated as daily average for the
productive season of each year.

RESULTS

Physical Environment

Water temperature in the study area varied seasonally from
~4°C in winter to 20°C during summer, whereas salinity
variation did not exhibit any consistent seasonal pattern, except
for a small decrease during winter (Figure 2A). Although the
2 vyears appeared similar, subtle differences were observed:
(i) spring warming was faster and summer temperatures
remained at maximum level longer in 2016 than in 2017
(Figure 2A); (ii) salinity was lower in 2016 (Figure 2A). DIN
varied seasonally, from >20uM in winter to < 2pM in
summer, as well as inter-annually with 2-fold higher winter
concentrations observed in 2016 in comparison to 2017
(Figure 2A).

Phytoplankton and Microzooplankton

Overall Dynamics

Interannual variations were observed, with considerably higher
phytoplankton biomass in 2016 (Figure 2B), and higher ciliate
biomass in 2017 (Figure 2C). The low phytoplankton biomass
in 2017, compared to 2016, was mainly associated with lower
abundance of cryptophytes, small nano-flagellates, and pico-
eukaryotes in 2017 (data not shown). The average ciliate
biomass for the entire study period was 22.3 pg C L~!, and
the average biomass during the productive season (March-
November) was 12.3 and 558 pg C L7! in 2016 and
2017, respectively. Heterotrophic dinoflagellates were also more
important in 2017 than in 2016 with average biomass during
the productive season of 4.45 and 2.37 ug C L1, respectively.
Opverall, heterotrophic dinoflagellate biomass was much smaller
than ciliate biomass, averaging 2.72 g C L™! for the entire
period, although biomass peaks could reach up to 40 pg C
L~! (Figure 2D). Higher summer biomasses of heterotrophic
dinoflagellates were associated with increased abundance of
large-sized heterotrophic dinoflagellates, such as Polykrikos,
Protoperidinium, and Warnowiids.

The higher ciliate biomass in 2017 was associated with
increasing abundance of representatives of all trophic strategies
(Table 1). The dominance of heterotrophs (herbivores +
carnivores) was higher during spring and summer of 2016, while
2017 was characterized by slightly varying high biomass for
most of the year (Figure 3A). Biomass of GNCM (mixotrophs
excluding M. rubrum) was generally higher in 2017 than in
2016, with values peaking in late spring and summer for both
years (Figure 3B). The biomass proportion between GNCM and
heterotrophic ciliates was variable and higher contributions (up
to 90% of the ciliates biomass, excluding M. rubrum, in 2017)
of GNCM were recorded in summer (Figure 3C). Biomass of
M. rubrum was also higher in 2017 and generally above 10 pg
C L~! from April to October (Figure 3D).

Seasonality of Ciliate Morphotypes

Some ciliate morphotypes exhibited distinctive and recurring
seasonal pattern (Table 3). cf. Pelagostrombilidium occurred
during winter at temperatures <10°C, whereas Askenasia
and Strombidium cf. capitatum were associated with higher
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FIGURE 2 | Time series of abiotic variables (A), carbon biomass of all phytoplankton cells (B), all ciliate cells (C), and all heterotrophic dinoflagellates cells (D) in inner
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temperatures, mainly during late spring and summer
(Figures 4A-C). Other ciliate morphotypes exhibited distinct
seasonal patterns of high biomass, although their presence was
not restricted to a specific seasonal window. S. cf. conicum

and tinitinnids were most abundant during late spring and
summer, but also found during autumn (Figures 4D,E). Other
morphotypes, such as cf. Urotricha (Figure 4F), did not display
any pronounced recurring seasonal pattern despite of the high
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temporal variability. In spite of the significant differences among
months (Table 3), some ciliates (Didinium, Mesodinium cf. velox,
and Choreotrichida) did not have any clear occurrence pattern
over the study period.

Potential Grazing by Ciliates
Potential grazing varied broadly over time for the five trophic
strategies of ciliates and their associated preys (Table 1),
displaying highly variable patterns of potential food limitation
(Figure 5).

Temporal variations in biomass of M. rubrum (SNCM) and its
cryptophyte prey were inversely related (Figure 5A). Teleaulax
spp. was most abundant in winter when SNCM biomass was

low, and decreased in late spring and summer when blooms of
M. rubrum occurred. The seasonal pattern in SNCM biomass also
shifted between the 2 years; the biomass was low in summer 2016,
whereas it remained high from mid-April until late October in
2017.

GNCM ciliates attained similar biomass levels in 2016 and
2017, but their potential ingestion was lower in 2017 due to
stronger food-limitation (Figure 5B), which was observed in
98% of the occasions in 2016 and in all observations in 2017.
Consequently, biomass and potential ingestion observations were
decoupled for this group. On the other hand, it also indicates
strong grazing pressure on small phytoplankton cells by these
ciliates during spring and summer (Figure 5B).
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TABLE 3 | Seasonality test for the log-transform of carbon biomass of different
ciliate morphotypes.

Ciliate morphotype P (month)
Mesodinium rubrum 0.150
Strombidium spp. 0.464
Strombidium cf. capitatum <0.001
Strombidium cf. conicum 0.014
Tintinnids 0.352
Mesodinium cf. velox <0.001
cf. Pelagostrombilidium <0.001
Balanion comatum 0.086
cf. Urotricha 0.577
Choreotrichida 0.007
Oligotrichida <0.001
Askenasia 0.006
Didlinium <0.001

Significant variation (P < 0.05) among months are highlighted in bold.

SH ciliates were often food limited (82% of observations),
even during winter and spring (Figure 5C). SH grazing impact
varied interannually and was most intense from May to July in
2016, and from June to October in 2017. SH food limitation was
observed more frequently in 2017 than in 2016 (60 and 77% of
the observations in 2016 and 2017, respectively).

GH ciliates were food limited in 49 and 66% of the
observations in 2016 and 2017, respectively (Figure 5D). The
potential grazing for this group of ciliates seemed to be more
intense in autumn 2017 compared to autumn 2016, and potential
food limitation appeared to have started earlier in 2017 (around
April) than 2016 (around June). A shift in the most abundant
morphotype was observed between years, with Choreotrichida
being the main GH morphotype in 2016, and cf. Urotricha in
2017. Together with SH, these ciliates appeared to be the main
grazers during the winter period.

The carnivore ciliates (Cv) had high grazing rates during
summer (Figure 5E), associated with high biomass of Askenasia
(Figure 4B), but carnivores grazing can also be high in other
periods, such as the spring bloom with high abundance of
Didinium (Figure 5E). During 2016, potential grazing had higher
peaks, observed in distinct periods of the year, while potential
grazing rates had lower maximum values in 2017 but were
consistently higher throughout a longer period (until autumn).
Food limitation was observed in 32% of the observations (14% in
2016, and 55% in 2017), and as for the other trophic strategies,
more frequent in 2017.

Interannual Differences in Prey-Predator

Dynamics
Dynamics of prey-predator biomasses were analyzed for the
productive season (15 March to 01 November) of each
year (Figure6). The arrows represent the distance between
observations, and longer arrows can be used as a proxy for higher
variability in the prey-predator relationships.

For the SNCM-prey coupling, the average distance between
observations was lower in 2016 (d = 1.19) than in 2017

(d = 1.36), indicating higher variability in 2017. For this pair,
variation between sampled days were higher (41% higher than
the rest of productive season) during late spring to summer (day
of year 110-200) in 2016 (Figure 6A). Distances in 2017 were
more evenly distributed, with the distances found in late spring to
summer, being only 8% longer than for the rest of the productive
season (Figure 6B).

For GNCM-prey and SH-prey pairs, average distance between
observations were higher in 2016 than in 2017, with da16 = 1.48
and dyg17 = 0.74 for GNCM; and da016 = 0.94 and dyp;7 = 0.85
for SH (Figures 6C-F).

GH-prey dynamics did not appear to differ between
years, with d = 1.07 and d = 1.10 for 2016 and 2017,
respectively (Figures 6G,H). Similarly, Cv.-prey observations
average distance did not vary between years (d2916 = 1.22 and
dy17 = 1.26), however differences over specific periods of the
productive season were observed for this group (Figures 6L,)).
From spring to early summer (day of year 75-160) in 2016,
distances were about 15% longer than for the rest of the period,
while in 2017, distances in the same period were 58% longer than
the rest of the productive season.

A simplified scheme (Figure 7) summarizes the daily average
biomass for each group of phytoplankton preys and the potential
daily C intake for the different ciliate trophic strategies during
the productive season of each year. In 2016, biomasses of all
phytoplankton prey groups were higher than in 2017, except for
nano-flagellates (5-15 um). The intake by ciliates was generally
lower in 2016, with an overall relative removal of about 9%
of phytoplankton daily standing biomass (Figure 7A). The
potential grazing impact over the phytoplankton varied among
the different trophic strategies, being low for SNCM and GH
(~3% of C prey biomass being grazed) and higher for GNCM
and SH (about 19 and 14% of C prey biomass being grazed,
respectively). In 2017, phytoplankton standing biomasses were
modest when compared to the previous year, and potential
grazing was higher for most ciliate trophic strategies (Figure 7B).
The relative impact of grazing by the ciliates was about 31% of
phytoplankton standing biomass in 2017, with GH being able
to remove 12% of its prey biomass, while GNCM and SNCM
being able to graze 37 and 46% of their preys standing biomasses
daily.

DISCUSSION

Our results underline that microzooplankton, especially ciliates,
can be an important component of the pelagic food web in
temperate nutrient-rich estuaries at all times. On top of that, we
also demonstrate that different components of the heterotrophic
protist plankton have distinct ecological strategies, each affecting
the phytoplankton community in its own way. Even though our
results are based on standing biomasses and do not include
any direct rate measurement (neither primary production nor
grazing), we believe that the high temporal resolution data
on both phytoplankton and microzooplankton support our
findings. Furthermore, our results explore the diets of different
ciliates in detail, revealing the existence of various prey-predator
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FIGURE 4 | Biomass variations over time for selected ciliates morphotypes: cf. Pelagostrombilidium (A), Askenasia (B), Strombidium cf. capitatum (C), S. cf. conicum
(D), Tintinnids (E), and cf. Urotricha (F).

couplings that are likely to influence the community functioning
in distinct ways. Additionally, we structured potential grazing
calculations as proposed by Hansen et al. (1997), following
the Michaelis-Menten kinetics, in contrast to the rectilinear
model approach suggested by other authors, e.g., Zervoudaki
et al. (2009). The Michaelis-Menten kinetics allow grazing
estimation at varying prey concentrations, whereas a rectilinear
model assumes a linear increase in ingestion rate until food
saturation is reached, which can overestimate the potential
grazing.

Classically, the relative importance of trophic pathways of
phytoplankton primary production in any specific ecosystem is
highly dependent on the balance between nutrient inputs and

recycling, with increasing dominance of larger phytoplankton
species and mesozooplankton in areas with higher input of
new nutrients (Azam et al., 1983; Fenchel, 1988; Buitenhuis
et al, 2006). Although Roskilde Fjord (RF) is a nutrient
rich system (Staechr et al, 2017), its inner portion, which
is also the area of interest in this study, has always been
dominated by small phytoplankton organisms (<20 pm), not
diatoms, evidenced by the long term monitoring data. Besides
microzooplankton, potential consumers of phytoplankton in RF
are pelagic mesozooplankton and benthic filter feeders; however,
benthic grazers were not sampled in this study, therefore we
cannot compare directly the relative importance of pelagic vs.

benthic grazing. We also acknowledge that protozooplankton
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grazing in RF was only calculated for larger protozooplankton
(ciliates and heterotrophic dinoflagellates). Other organisms,
such heterotrophic nano-flagellates and small heterotrophic
dinoflagellates (<15 pum), were not properly recorded by any
of the methods used in this study, and likely increase the real
contribution of protozooplankton grazing.

Heterotrophic dinoflagellates can be an important component
of microzooplankton and microbial food webs (Sherr and Sherr,
2007), but their importance in RF seems low compared to ciliates.
Heterotrophic dinoflagellates biomass was less than 10% of ciliate
biomass in most samples, even though it was higher in a few

instances. On top of that, dinoflagellates have lower growth
and grazing rates than ciliates (Hansen, 1992; Jakobsen and
Hansen, 1997), which indicates a minor role of this group for
carbon cycling in RF. Seasonality of heterotrophic dinoflagellates
was marked by the increased occurrence of large sized cells
during summer. The observed increase in size of heterotrophic
dinoflagellates is in agreement with what has previously been
described for other open areas, such as Kattegat and Kiel Bight
(Smetacek, 1981; Hansen, 1991), and might reflect an adaptation
in the dinoflagellate assembly to the larger prey items. However,
summer is also characterized by higher biomass of ciliates, and
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the increasing proportion of large heterotrophic dinoflagellates Salinity variations are mainly associated with freshwater
might indicate a change in ecological strategy which aims to avoid ~ discharges during winter, enhancing dissolved inorganic
competition with ciliates that graze on smaller phytoplankton. nitrogen (DIN) concentrations that are mainly consumed by
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FIGURE 7 | Simplified scheme showing the daily average biomass of each phytoplankton prey group and the average grazing rates of each ciliate trophic strategy in
2016 (A) and 2017 (B). Averages calculated only for the productive season (March to November).

phytoplankton during spring (Stachr et al, 2017). Although
inter-annual differences in salinity were modest, DIN inputs
were higher in 2016. This could explain the intense spring
bloom observed in 2016 compared to the modest one in 2017,
but it cannot explain entirely the consistently higher biomass
of all ciliate types and heterotrophic dinoflagellates in 2017
compared to 2016. Differences in phytoplankton biomass
could be due to the higher microzooplankton biomass in 2017
compared to 2016, indicating a more intense grazing in 2017.
Thus, it is likely that phytoplankton is top-down controlled by
microzooplankton in RE and that due to fast turnover rates
of both communities, primary production is higher despite
relatively lower phytoplankton biomasses. Additionally, it is
likely that the high DIN inputs in the winter of 2016 disrupted
the coupling between phytoplankton and their ciliate predators
that was better depicted in 2017. DIN concentrations were
depleted to similar levels after the spring bloom in both years,
indicating that higher concentrations in the winter of 2016
probably supported the larger bloom observed in this year.
This large perturbation in the prey-predator coupling at the
beginning of the productive season probably shaped also the
rest of the year, causing interannual differences in prey-predator
coupling, and reduced the number of observations with food-
limitation in 2016. The prey-predator coupling varied among
trophic strategies, resulting in the following contrasts between
the studied years: (1) larger variation in the coupling in 2016
than in 2017 (for GNCM and SH); (2) differences in the timing
when variations were observed during the productive season
(SNCM and Cv.); and (3) changes in the dominance of the main
morphotype (GH).

Previous studies have described various seasonal dynamics
of ciliates in coastal and estuarine areas, and their importance
in the trophic energy transfer. In Gulf of Maine, distinct ciliate
assemblages were dominant at specific seasons, with larger
ciliates found in spring, associated with larger preys, and smaller
ciliates in other periods, when available prey were smaller

(Montagnes et al., 1988). Conversely, ciliates in Coos Bay were
reported to control small-sized phytoplankton throughout the
year (Cowlishaw, 2004). In our study, ciliate biomass and their
estimated potential grazing rates were in the same range as
biomass of phytoplankton prey, especially for sizes <15 pm and
cryptophytes, indicating selective pressure by ciliates grazing
on small phytoplankton cells. The phytoplankton groups with
lower standing biomass in 2017 compared to 2016 (cryptophytes,
pico-eukaryotes, and small nano-flagellates) were subject to
intense grazing pressure by different ciliate morphotypes, which
probably substituted each other over the year in succession.
These ciliate morphotypes also tended to be more food limited
(GNCM and SH). Furthermore, as potential ingestion rates were
modeled from standing biomass and not directly measured,
it is likely that our grazing rates, especially for 2017, are
underestimated due to intense grazing that resulted in low
standing biomass of some phytoplankton groups. Yet, they
provide valuable information on potential impact of ciliates,
suggesting that ciliate grazing is an important driver for the
phytoplankton succession, and that the microbial loop is a key
pathway in the RF food web, despite of the high new nutrient
input from land, which was assumed to promote the short-chain
food web (Azam et al., 1983). Thus, ciliates might be a key
player in the overall trophic transfer in RE as an intermediate
step between small-sized phytoplankton and mesozooplankton
(Calbet and Saiz, 2005) and benthic filter feeders (Zeldis et al.,
2004).

Organism with acquired phototrophy, including ciliates, are
considered to have an increased gross growth efficiency, and
therefore enhancing carbon export and nutrient cycling (Stoecker
et al., 2009, 2017; Mitra et al., 2016). Experimental studies have
shown that among non-constitutive mixotrophs, the acquired
capability of photosynthesis can increase the specific growth
rates. However, this should not be generalized, as specific
growth rate varies among species, and for some mixotrophs,
it can still be low compared to autotrophs or heterotrophs
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(Jakobsen et al., 2000; Jakobsen and Strom, 2004; Schoener
and McManus, 2012). Despite the fact that these organisms
can often dominate microzooplankton communities and be
responsible for a considerable proportion of primary production
and/or grazing, in situ ecological data describing processes and
importance of those organisms are still sparse (Stoecker et al.,
2017). It is hypothesized that autotrophic and heterotrophic
organisms dominate during the developmental phase of the
ecosystems, while mixotrophs dominate in mature systems,
benefiting from a flexible nutrition (Mitra et al., 2014). Our study
shows that mixotrophic nutrition is increasingly important at the
decline of spring bloom and during summer, when the system
shifts from net autotrophy to net heterotrophy (Staehr et al,
2017). Additionally, our results demonstrated that mixotrophs
(SNCM and GNCM, and even morphotypes among GNCM)
have distinct temporal dynamics, reflecting different ecological
strategies.

Mesodinium  rubrum acquires its chloroplasts from
specific prey (Teleaulax spp.), taking strong control over
the photosynthetic apparatus of its prey, and being able
to survive at low prey concentrations (Smith and Hansen,
2007; Peltomaa and Johnson, 2017). These organisms have
been the focus of many ecophysiological studies. Blooms
of M. rubrum are common in coastal areas and have been
associated with occurrence of cryptophytes (Johnson et al,
2013; Hamilton et al., 2017; Lips and Lips, 2017). Our data
shows that periods with high M. rubrum biomass are associated
with low cryptophyte biomass, except for the spring bloom
(March-April). Even though high biomass of M. rubrum
occur around summer, M. rubrum was present in most
(>95%) of samples during all seasons. Using the higher
magnification of FlowCAM in 2017 allowed us to observe cell
discolouration and size reduction of M. rubrum individuals
during late summer/autumn, coinciding with the period of
higher temperatures and low DIN in RF. At the same time,
cells of M. rubrum were observed capturing particles other
than cryptophytes with their oral tentacles (see Figures 1,1a-
lower row). This emphasizes that the ecological flexibility of
M. rubrum remains poorly understood, but that the flexibility
could also explain the apparent success of M. rubrum in
many environments and, in the case of RE over the entire
year.

In contrast to M. rubrum, oligotrichids that retain chloroplasts
(GNCM), do not seem to be able to maintain them and need to
feed at higher rates than M. rubrum, to replace aging plastids at
higher rate (Jakobsen and Strom, 2004; Schoener and McManus,
2012). The plastid turnover rate depends on the availability of
the plastid source, and GNCM usually use plastids of different
origin, although they have a preferred type, depending on the
species (Stoecker et al., 1988; Stoecker and Silver, 1990; Schoener
and McManus, 2012). Under controlled conditions, Strombidium
rassoulzadegani had newly acquired plastids positioned at the
cell periphery within 30 min after being offered new prey, and
it replaced all plastids after 2-3 days, yielding a plastid turnover
rate slower than other Strombidium species (Stoecker and Silver,
1990; Schoener and McManus, 2012). Thus, GNCM can ingest
phytoplankton prey at similar rates as heterotrophic ciliates

(Jakobsen and Strom, 2004; Schoener and McManus, 2012),
having a potential impact on carbon cycling, especially when
larger species are present. GNCM in our study were composed
of different species, with higher biomasses being associated
with the proliferation of large morphotypes (Strombidium cf.
conicum and S. cf. capitatum). These morphotypes were usually
found during spring and summer, but higher biomasses were
observed mainly in late spring. As those ciliates were food limited
in most occasions (<95% of observations), their estimated
grazing rates were around 10 times smaller than their potential
ingestion based on cell volume. This indicates that despite of
having a strong presence in RE, grazing imposed by mixotrophs
is lower than by heterotrophic ciliates. On the other hand,
mixotrophic nutrition supports their survival until suitable prey
is encountered.

High volatility in the dominance of different types of
ciliates was observed in this study. The temporal dynamics of
the different trophic strategies demonstrated that mixotrophs
(SNCM and GNCM) and carnivores exhibited strong seasonality
in their occurrence and potential impact, predominating during
summer. Conversely, herbivores (SH and GH) appeared to
be widely distributed throughout the year, but apparently
with different ecological strategies. GH types are present in
low concentrations in most of the samples; whereas SH
types occur with variable importance over the annual cycle
(cf. Pelagostrobilidium in winter and tintinnids in summer),
but together covering different seasons. This illustrates how
complex and flexible ciliate communities can be, showing a
great potential to control and drive changes of phytoplankton.
We also observed a gradient in the prey-predator coupling
among trophic strategies of ciliates, in which the more
selective ciliates tend to be more efficient in removing their
prey and are more often food limited, while the opposite
is observed for ciliates that have a wider prey range, with
exception of SNCM. However, those patterns are subjected
to variability introduced by exogenous forcing (i.e., nutrient

loads).

CONCLUSION

The use of in-flow techniques supports the analysis of
phytoplankton and their microzooplankton grazers with
high frequency. Additionally, the use of live samples
further allows exploring trophic characteristics of ciliates,
providing insights to the trophic strategies and specific prey
classification. Ciliates are likely the main pelagic grazers
in RF and probably play an essential role in the food web,
linking primary production of small-celled organisms to
higher trophic levels. Although ciliates are most abundant
during summer, they are still important in other seasons. This
is due to the range of different ecological strategies within
the diverse ciliate community, combining different trophic
strategies with different physiological adaptations. Thus, the
ciliate community structure is highly complex and most
likely an important driver for structuring the phytoplankton
community.
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