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Some aspects of the life cycle of the Southern Ocean diatom Fragilariopsis kerguelensis have been investigated previously, but many
of its details have not been surveyed in nature. We investigated material from a two-year sediment trap time series by high-throughput
imaging and image analysis, looking for morphometric signals of life cycle stages. Valve length distributions appeared close to unimodal
but positively (right-) skewed. Size cohorts resulting from synchronized sexual reproduction events were not clearly distinguishable.
Nevertheless, based on changes in valve length distributions, we found three general seasonal phases. These corresponded to periods of
proliferation (with higher proportions of smaller cells during late spring/early summer), cessation of growth (relative loss of smaller cells
during late summer/early autumn), and overwintering (little change in size distributions, with an increased proportion of large cells). We
discuss possible causes of these signals, and their relevance to growth, sexual activity and adaption to environmental conditions, such as
grazing pressures and the need for an overwintering strategy.
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Abbreviations: ACC: Antarctic Circumpolar Current;
APF: Antarctic Polar Front; EIFEX: European Iron Fertil-
ization Experiment; HNLC: high-nutrient low-chlorophyll;
PFZ: Polar Frontal Zone; RI: ranking index; RFI: relative
frequency of valves within the initial cell size range

Introduction
The pelagic pennate diatom Fragilariopsis kerguelensis
(O’Meara) Hustedt is endemic to the Southern Ocean (Hart
1942, Zielinski & Gersonde 1997, Cortese & Gersonde
2008). The species usually occurs in chains of up to dozens
of cells throughout the Southern Ocean, and the Polar
Frontal Zone (PFZ) of the Antarctic Circumpolar Current
(ACC) is considered to be its optimal habitat (Zielinski
& Gersonde 1997, Cortese & Gersonde 2007, Pinkernell
& Beszteri 2014). A major fraction of the silicic acid
brought to the Southern Ocean surface waters by the global
overturning thermohaline circulation is exported to the sed-
iment by a handful of strongly silicified diatom species,
of which F. kerguelensis is the best studied (Assmy et al.
2013). Indeed, frustules of F. kerguelensis are the main
contributor to a band of silica-rich sediments that encircle
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Antarctica, known as the ‘diatom ooze belt’. This diatom
ooze belt accounts for approximately one-third of the
global biogenic silica accumulation (Tréguer & De La
Rocha 2013, Tréguer 2014), forming the largest sink for
silica in the global ocean. High abundances of F. ker-
guelensis in Southern Ocean sediments are regarded as
an indication of low-carbon high-silica exporting regimes
(Smetacek et al. 2004, Abelmann et al. 2006, Assmy
et al. 2013). For these and other reasons, the species has
generated interest in several fields of research, spanning
biological oceanography (DeBaar et al. 1997, Hoffmann
et al. 2007, Assmy et al. 2013), biogeography (Pinkernell
& Beszteri 2014), paleoceanography (Cortese & Gersonde
2007, 2008, Esper et al. 2010, Cortese et al. 2012, Shukla
et al. 2013, Shukla & Crosta 2017, Kloster et al. 2018,
Shukla & Romero 2018), ecophysiology (Timmermans &
Van Der Wagt 2010, Trimborn et al. 2013, 2014, Besz-
teri et al. 2018b), and biomechanics (Hamm et al. 2003,
Wilken et al. 2011).

The life cycle of F. kerguelensis has been investigated
previously. Assmy et al. (2006) observed auxosporulation
in the field during a large scale iron fertilization experiment
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in the PFZ. They gave a morphological description of
the auxospores of the species, and estimated their relative
abundances as between 0.03% and 0.4% of the population.
Since more auxospores were observed where higher abso-
lute abundances of the species occurred, it was hypothe-
sized that sexualization preceding auxosporulation might
be density dependent. Based on the fact that no more than
one gametangium was found connected to any of the aux-
ospores, it was suggested that auxospore production might
have been preceded either by ‘type II’ fertilization giving
rise to one auxospore per pairing (Geitler 1973), or possi-
bly by self-fertilization, although this was considered less
likely, based on the lack of auxosporulation in clonal cul-
tures (Assmy et al. 2006). Fuchs et al. (2013) extended
these results by observation of laboratory crosses between
clonal cultures. They found a dioecious pattern of compat-
ibility among the clones studied and described the process
of sexual induction as starting with the disintegration of
chains, followed by subsequent gametogenesis and aux-
ospore production, although fertilization was not directly
observed.

Diatoms have a unique life cycle generally consist-
ing of size reduction during vegetative growth, and size
restoration by auxospore production, mostly following sex-
ual reproduction (Round et al. 1990, Edlund & Stoermer
1997). Accordingly, the cell size below which sexuality
can be induced, as well as the largest possible cell size for
the species, are the two cardinal points of the life cycle.
Initial estimates for the former can be derived from the
size of gametangia, for the latter from auxospores or initial
cells. In the field, Assmy et al. (2006) observed gametangia
attached to auxospores to be between 10 and 31 μm long,
and auxospores containing initial cells between 76 and
90 μm. Under laboratory conditions, Fuchs et al. (2013)
found gametangial thecae between 6.9 and 26.1 μm long
and initial cells between 78.4 and 100.8 μm long. Follow-
ing population size distributions over time has in several
cases enabled individual cohorts to be followed through
size decrease or auxosporulation events, thereby provid-
ing valuable insights into the life history of these diatoms
(Stoermer et al. 1989, Jewson 1992a, 1992b, D’Alelio
et al. 2010, Bishop & Spaulding 2017). Moving beyond
visual interpretation of size distribution profiles, Card &
Carra (2013) decomposed size distributions into compo-
nent binomial expansions, whereas Schwarz et al. (2009)
and Bishop & Spaulding (2017) applied Gaussian mixture
modelling for the same purpose, and Schwarz et al. (2009)
and D’Alelio et al. (2010) developed models to follow the
size reduction process in individual cohorts. It is not simple
to obtain such information about a Southern Ocean diatom
because their remote habitat is difficult to sample repeat-
edly over longer time periods. As an alternative, Cortese
& Gersonde (2007) measured valve area distributions
sampled over the course of a year by two moored sediments
traps, but since their focus was not on the life cycle, they

only presented average values for each time point sampled.
The present study addresses this gap, by analyzing a size
distribution time of F. kerguelensis obtained using sedi-
ment traps over the course of two consecutive years in the
PFZ south of Australia.

Assessments of cell size distributions require large
sample sizes if individual cohorts and, presumably rare,
auxosporulation events are to be detected. For exam-
ple, Crawford et al. (1997) determined the size of 1,000
valves per sample of Corethron criophilum Castracane,
and D’Alelio et al. (2010) investigated Pseudo-nitzschia
multistriata (H.Takano) H.Takano temporal size variations
analyzing 200 cells per sample. Manually measuring such
large numbers of specimens is tedious. To address this, the
FlowCAM

®
(Fluid Imaging Technologies, Inc., Scarbor-

ough, ME, USA) imaging flow cytometer was utilized to
measure large numbers of diatom valves in an automated
manner by Spaulding et al. (2012) and Bishop & Spaulding
(2017). In this study, we present a different technologi-
cal approach to the same challenge, using a combination
of slide-scanning light microscopy and image analysis
(Kloster et al. 2014, 2017), which can be considered a
semi-automated variant of the more traditional, slide-based
diatom analyses, and which we have successfully applied
in other morphometric studies recently (Beszteri et al.
2018a, Kloster et al. 2018).

By characterizing a time series of valve length distribu-
tions using this semi-automated procedure, we wanted to
gain insights into the annual progression of F. kerguelensis
through different life cycle phases and into the timing of
auxosporulation events.

Material and methods
We analysed material covering the period from Novem-
ber 2002 to October 2004 collected by a sediment trap
at 800 m below the ocean surface which was moored near
54°S 140°E in ca. 2300 m water depth, close to the top of
the Australia-Antarctica mid-ocean ridge. Further details
of the sediment trap, sampling, and material processing
are described in Rigual-Hernández et al. (2015). Impor-
tantly, collections at this site in previous years contained
negligible lithogenic material (Trull et al. 2001a), and light
transmissometry profiles (e.g., Bowie et al. 2011) suggest
that resuspension of bottom sediments does not deliver
material to this trap.

Oceanographic setting of the 54°S site
The sediment trap site (Fig. 1) is located within the cen-
tral area of the PFZ, i.e., within the rapidly flowing ACC
that lies between the Antarctic Polar Front (APF) and
the Subantarctic Front (Trull et al. 2001a, Trull et al.
2001b, Rigual-Hernández et al. 2015). These waters are
part of the canonical high-nutrient low-chlorophyll South-
ern Ocean habitat in which phytoplankton production is
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Fig. 1. Map of the Southern Ocean with annual sea surface
temperatures (SST; World Ocean Atlas 2013, Locarnini et al.
2013) showing the location of the 54°S station and the site of
the European Iron Fertilization Experiment (EIFEX). Black line
represents the position of the APF after Orsi et al. (1995).

limited by iron availability and thus macro-nutrients are
not fully consumed seasonally (e.g., Martin et al. 1990,
Trull et al. 2001b). At the 54°S site the macro-nutrients
nitrate and phosphate are abundant year-round, but the sili-
cate required by diatoms to form their frustules becomes
strongly depleted by late summer (Trull et al. 2001b,
Bowie et al. 2011). Iron is re-supplied at low levels, pri-
marily by deep winter mixing, and appears to be limiting
to phytoplankton growth throughout the year (Bowie et al.
2009).

Chlorophyll-a and flux data
Chlorophyll-a concentration was derived from NASA’s
Giovanni online data system. Flux data were obtained from
Rigual-Hernández et al. (2015). We estimate that signals
originating from the sediment trap material are delayed by
ca. 2–6 weeks compared to the chlorophyll-a data, due to
the time required for the material to reach the sediment
trap at 800 m depth. Subsurface chlorophyll-a maxima do
occur in PFZ waters in this region, but appear to be largely
dormant and are thus unlikely to contribute strongly to
population dynamics (Parslow et al. 2001).

Microscopy
Microscope slides were prepared as described by Rigual-
Hernández et al. (2015). Microscopy and morphometric
measurements were conducted using a Metafer automated
slide scanner (MetaSystems Hard & Software GmbH,
Altlussheim, Germany) and our diatom morphometry soft-
ware SHERPA version 1.1c (Kloster et al. 2014), according
to our previously described workflow (Kloster et al. 2017).

Briefly, a rectangular area on each slide was scanned, in
overlapping fields of view, with a Plan-NEOFLUAR 20 ×
objective (Carl Zeiss AG, Oberkochen, Germany). These
low-resolution images were compared by SHERPA to a
template library of diverse outline shapes representing the
genus Fragilariopsis Hustedt (see supplement ‘SHERPA
settings’), to locate valves of interest in the captured area.
Positions where valves were found were then revisited in
the Metafer system using a high-resolution oil immersion
objective (Plan-APOCHROMAT 63x/1.4, Carl Zeiss AG,
Oberkochen, Germany). Each valve was captured in 20
different focal planes, and focus stacking was applied to
generate an image with an enhanced depth of field. The
enhanced images were then analysed with SHERPA for
morphometric measurements. Contrasting the traditional
manual approach, this semi-automated workflow requires
each selected scanning area to be processed entirely to
prevent introducing bias by SHERPA’s result ranking pro-
cedure. Accordingly, sampling numbers vary for different
slides, depending on valve density and scanned area. Set-
tings files used for SHERPA analyses of both the low
and high-resolution images, as well as the relevant shape
templates, are included in the supplementary material (see
supplement ‘SHERPA settings’).

Because of the relatively low refractive index (1.56)
of the NOA 61 mounting agent (Norland Products Inc.,
Cranbury, NJ, USA), imaging contrast was poorer than
in Naphrax, causing a decreased accuracy in object seg-
mentation and outline detection. To compensate for this
shortcoming, increased manual intervention was neces-
sary in SHERPA, for post-editing as well as reviewing
segmentation results (see supplement ‘Modified SHERPA
procedure’).

Data analysis
As a more quantitative approach to explore whether some
distributions can be decomposed into individual cohorts,
we modelled the observed valve length distributions for
each sample as mixtures of one to six univariate normal
distributions. These mixture models were fitted using an
expectation maximization algorithm (Benaglia et al. 2009),
in addition to the single-component normal distribution, to
account for the possibility that only one cohort was present.
The best-fitting model (number of cohorts) was determined
as the one with the lowest Bayesian information criterion
(see supplement ‘R scripts’).

To trace auxosporulation and size restitution events,
the relative abundance of very large valves was deter-
mined. Fragilariopsis kerguelensis average valve length
peaks beneath the APF in the Southern Ocean sediments
(Cortese & Gersonde 2007). Close to the APF, in the
Atlantic sector of the Southern Ocean (49°S 2°E), the only
observation of F. kerguelensis sexual activity in its natu-
ral habitat was made by Assmy et al. (2006) during the
European Iron Fertilization Experiment (EIFEX). Since
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our sampling site is also close to the APF, we assume that
data on valve length from both sites should be comparable.
For the EIFEX experiment, auxospores of F. kerguelensis
containing initial thecae were reported to be at least 76 μm
long. We assumed that valves longer than 75.5 μm origi-
nate either from initial cells or cells descended from them
by only a few divisions, and refer to them as within the
initial cell size range. These large cells were very rare,
and their counts were strongly affected by the maximum
‘ranking index’ (RI) considered during manual check-
ing of SHERPA results (please see supplement ‘Modified
SHERPA procedure’ and Kloster et al. 2014, 2017 for
further information). Accordingly, relative abundance cal-
culated from counts utilizing different highest RIs might be
underestimated (respective results are listed in supplement
‘Valves within the initial cell size range’). To compensate
for this, they were searched for in an additional review-
ing run, by examining high-resolution results of RI 0–6 for
each slide, regardless of the maximum RI used for retriev-
ing the valve length distribution. The corresponding counts
were normalized to the amount of material suspension
on the slide, the scanned slide area (approximated by the
number of fields of view scanned at low magnification), the
length of the sampling period for the corresponding cup of
the sediment trap, and the F. kerguelensis flux rates (from
Rigual-Hernández et al. 2015) to characterize the relative
frequency of valves within the initial cell size range (RFI)
in the population (see Equation (1)). These values use an
arbitrary scale and are only comparable with each other.

RFI = (number of valves ≥ 75.5 µm) · 1012

amount of suspension · nFOVs · spl · valve flux
(1)

with nFOVs = number of scanned fields of view,
spl = sampling period length.

A rough estimation of the growth rate is possible for
periods with an ongoing decrease in mean valve length,
based on the length reduction per division and the aver-
age cell size decrease of the population, assuming that
the average size decrease was caused only by vegetative
proliferation:

est. growth rate = l2 − l1
(t2 − t1) · cell size decrease · divison−1

(2)

with l1, l2 = mean valve length at time t1, t2
An estimate of 0.28 μm/division for the cell size

decrease was assumed following Fuchs et al. (2013).
Of the morphometric parameters determined by

SHERPA, we present the apical valve lengths and the vari-
ation in their distribution over time. Downstream analysis
of counts and valve sizes was performed using scripts
(see supplement ‘R scripts’) programmed in R (R Core
Team 2015). Measurements of additional features, such as
transapical length, valve area, costa distance and F (Fenner

et al. 1976) or F* (Cortese & Gersonde 2007) are included
in the supplementary material (see ‘Additional measure-
ments’ for respective plots and ‘Data’ for the complete
data set).

Results
In total, we measured ca. 29,000 F. kerguelensis valves
from 43 slides, representing 41 different samples, cover-
ing the period from November 2002 to October 2004. For
visual exploration, changes in F. kerguelensis valve length
distribution throughout the two sampling years were plot-
ted as histograms (Figs 2–3) and as violin plots (Figs 4–5).
The size distributions were close to unimodal, positively
(right-) skewed, and similar to the measurements reported
by Crosta (2009) for sediment core material integrated
over longer timescales. The quantitative exploration of
size cohorts mostly showed 2–3 components for each time
point (Figs 2–3 coloured density curves; note that curves
appearing in the same colour at different time points do
not necessarily correspond to the same cohort). The main
peak in the distributions was mostly detected well by
this approach, and in some cases a secondary peak, cor-
responding to the expectation for a larger sized, lower
abundance cohort (see e.g., cup 2.19 from August 2004 in
the left bottom of Fig. 3) was also detected. However, the
Gaussian mixture modelling tended to converge towards
different component compositions depending on starting
values for some samples (e.g., cups 1.05, 1.19, 1.20, 2.01,
2.02, 2.12). The minor components are in most cases not
clearly interpretable as distinct size cohorts, because they
represented rather flat distributions of large sizes. To over-
come the problem that post-initial valves are always rare
and that their abundance might be underestimated using
our standard counting scheme, we determined the rela-
tive frequency of ‘initial’ cells (RFI, see Equation (1) and
Figs 4–5, h).

Although the size distribution histograms show
changes, clear shifts to the left in modes of the distribu-
tion, or of component distributions obtained with mixture
modelling, could rarely be recognized. Such shifts would
be expected to signal periods of vegetative growth accom-
panied by a reduction in the average size of the population.
The clearest exception is the beginning of the growing
season at the end of 2003 (histograms with red back-
ground in Fig. 3). Here, a relatively continuous shift of the
main mode of the distribution towards smaller sizes can be
observed between mid-October 2003 and late January 2004
(cups 2.02–2.09).

Given the lack of clearly separable size cohorts, we
focused on changes in valve lengths illustrated by average,
minimal and maximal values, as well as by distribution
skewness and the proportion of the size classes of sex-
ually inducible, not sexually inducible and initial cells
(Figs 4–5). These exhibited a seasonal pattern which, in
general, was similar for both sampling years, even though
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Fig. 2. Distributions of valve lengths and mixtures of univariate normal distributions for sampling year 2002/2003. Background colours
red, green and blue depict phases 1, 2 and 3 explained in the text. Histograms show the distribution of measured valve lengths, the dashed
curve their density estimate. Vertical dotted lines mark 31 μm, the size limit below which sexual reproduction can occur, and 75.5 μm, the
minimal size of initial cells as reported by Assmy et al. (2006). Coloured curves depict the component normal distributions C1-Cn, the
corresponding parameters are given in the graphs. Note that curves appearing in the same colour at different time points are not implied
to correspond to the same cohort (colour online).
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Fig. 3. Distributions of valve lengths and mixtures of univariate normal distributions for sampling year 2003/2004. Background colours
red, green and blue depict phases 1, 2 and 3 explained in the text. Histograms show the distribution of measured valve lengths, the dashed
curve their density estimate. Vertical dotted lines mark 31 μm, the size limit below which sexual reproduction can occur, and 75.5 μm, the
minimal size of initial cells as reported by Assmy et al. (2006). Coloured curves depict the component normal distributions C1-Cn, the
corresponding parameters are given in the graphs. Note that curves appearing in the same colour at different time points are not implied
to correspond to the same cohort (colour online).
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Fig. 4. Temporal variability during sampling year 2002/2003, x-axis refers to the middle day of sampling periods. (a) Chlorophyll-a
concentration in the upper water column. (b–h) Sediment trap data from 800 m depth, for Fragilariopsis kerguelensis; depending on the
sinking speed, the timeline is delayed by ca. 2–6 weeks compared to the chlorophyll data. Trend lines are derived by LOESS smoothing:
(b) Valve flux. (c) Valve length. Blue violin plots depict the value distributions, box plots represent quartiles, red dots indicate the mean,
black dots inside the boxplots the median. The dashed horizontal line depicts 31 μm, the size limit below which sexual reproduction can
occur. (d) Seasonal changes in the valve length skewness. (e) Minimal valve length by 0.01 quantile. (f) Maximal valve length by 0.99
quantile. (g) Ratio of size fractions which are sexually inducible (that are capable of vegetative as well as sexual reproduction, with a valve
length below 31 μm, highlighted in turquoise), respectively, capable of vegetative reproduction only (orange). (h) Relative frequency of
valves within the initial cell size range (RFI), as an indicator for initial cells (colour online).



140 Kloster et al.

Fig. 5. Temporal variability during sampling year 2003/2004, x-axis refers to the middle day of sampling periods. (a) Chlorophyll-a
concentration in the upper water column. (b–h) Sediment trap data from 800 m depth for Fragilariopsis kerguelensis; depending on the
sinking speed, the timeline is delayed by ca. 2–6 weeks compared to the chlorophyll data. Trend lines are derived by LOESS smoothing:
(b) Valve flux. (c) Valve length. Blue violin plots depict the value distributions, box plots represent quartiles, red dots indicate the mean,
black dots inside the boxplots the median. The dashed horizontal line depicts 31 μm, the size limit below which sexual reproduction can
occur. (d) Seasonal changes of the valve length skewness. (e) Minimal valve length by 0.01 quantile. (f) Maximal valve length by 0.99
quantile. (g) Ratio of size fractions which are sexually inducible (that are capable of vegetative as well as sexual reproduction, with a valve
length below 31 μm, highlighted in turquoise), respectively, capable of vegetative reproduction only (orange). (h) Relative frequency of
valves within the initial cell size range (RFI), as an indicator for initial cells (colour online).
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less pronounced for the second year. This pattern was
characterized by three different phases:

• During phase 1 (late spring/early summer, high-
lighted by a red background in Figs 2–5), an accu-
mulating proportion of short valves led to decreasing
median valve lengths (see also supplement ‘Detail
on valve lengths’) and increasing skewness. At
the same time, minimal and maximal valve length
decreased.

• During phase 2 (late summer/early autumn, high-
lighted by a green background in Figs 2–5) trends
from phase 1 were inverted: loss of short valves led
to increasing median valve lengths (see also sup-
plement ‘Detail on valve lengths’) and decreasing
skewness. At the same time, minimal and maximal
valve size increased.

• During phase 3 (mid-autumn until mid-spring, high-
lighted by a blue background in Figs 2–5) only
small changes were observable in valve length dis-
tributions. The populations contained the lowest
proportion of sexually inducible cells, and minimal
valve length increased during the second half of this
phase.

Changes in the median valve length were also seen in
the values for valve width (transapical axis length), valve
area, costa distance and F or F*, although not all these mor-
phometric characters would be considered as being related
to size (see supplement ‘Additional measurements’).

Discussion
Vegetative reproduction
During phase 1, from mid-spring until mid-summer, the
proportion of smaller cells increased, shifting both the
median and minimum valve lengths to the left. This was
probably caused by prevailing vegetative reproduction
(also in line with increasing chlorophyll-a concentrations
and species-specific valve fluxes, panels a and b of Figs 4),
adding an increasing quantity of progressively smaller cells
to the population. The parallel decreasing maximal valve
length might indicate that the largest sized subpopula-
tion was not replenished significantly by auxosporulation
(discussed below).

Sexual reproduction
A synchronized sexual reproduction event is expected to
produce signals in a time series of cell size distributions:
The proportion of smaller, sexually inducible cells would
suddenly drop due to gametogenesis, followed by the
appearance of large cells within or close to the size range
of initial cells. The above described vegetative growth dur-
ing phase 1 led to an increasing proportion of valves in the

sexually inducible size range. These provided up to about
80% (cup 1.07/late January 2003) in the first sampling year,
and up to 60% (cup 2.09/late January 2004) in the sec-
ond year (see Figs 4–5, c – portions below the dashed
lines, respectively, g – turquoise bars), so that the major-
ity of the population should have been inducible. Minimal
valve length then decreased, along with increasing maxi-
mal length, which could indicate auxosporulation. Subse-
quently the decline in smaller cells continued for several
months throughout phase 2 (cups 1.08–1.16: February–
April. 2003, Fig. 2; and cups 2.10–2.15: February–April
2004, Fig. 3). This could possibly reflect death or removal
of the smallest cell fraction not involved in sexual repro-
duction because there was little evidence of a late-summer
auxosporulation event. A strong increase in the contribu-
tion of very large cells was not obvious at any time. Valves
in the initial cell size range never accounted for more than
2% of the populations (see supplement ‘Valves within the
initial cell size range’), which is similar to other plank-
tonic pennate (D’Alelio et al. 2010) and centric diatom
populations (Jewson 1992a, Jewson & Granin 2015).

Also RFI, an alternative measure of post-initial cell rel-
ative abundances, did not show increases that could be
taken as evidence of a newly emerging post-initial cohort.
Some peaks in RFI were found, for instance for cup 1.07
(late January 2003), but this was an isolated event, which
was not followed by similarly increased RFI values in sub-
sequent samples, so it cannot be interpreted as a clear
signal for a sexual event. A period of increased RFI last-
ing for ca. 6 months can be seen during late autumn and
winter 2003 (cups 1.17–2.02), whilst the proportion of
sexually inducible cells was low. Contrastingly, two RFI
peaks in the second sampling year were found during a
prolonged period of elevated RFI, which lasted for ca. 8
months, from mid-summer until late winter 2004 (cups
2.07–2.19), with the proportion of sexually inducible cells
varying strongly. These two periods of elevated RFI (cups
1.17–2.02: May–October 2003; and 2.07–2.19: December
2003–August 2004; Figs 4–5 h) might signal sexual activ-
ity in a detectable, although still low, proportion of the
population.

Based on these observations, no really clear conclu-
sions can be drawn. It is possible that F. kerguelensis
propagates sexually at very low rates by asynchronous sex-
uality, possibly throughout the whole year, but with some
periods of elevated sexual activity, such as in late January.
Weak signals of size reconstitution also appeared at differ-
ent times in different years. This is different from the mass
sexual events observed for Corethron (Crawford 1995).

Estimating the length of the life cycle
The duration of the vegetative reproduction phase is influ-
enced by a variety of factors, primarily growth rate and
rate of size decrease per division, both of which can
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vary depending on environmental conditions (Edlund &
Stoermer 1997). However, to be able to estimate its length,
we resorted to the simple mechanistic interpretation of
the MacDonald-Pfizer rule. For F. kerguelensis under lab-
oratory conditions, Fuchs et al. (2013) found a positive
correlation between valve length and monthly cell size
reduction, but were not able to establish a significant corre-
lation between valve length and size reduction per division
(Fuchs et al. 2013, fig. 14, table 2). Hence we utilized an
average size reduction of 0.28 μm per division calculated
from the reported range. Based on this, our estimation of
F. kerguelensis growth rate (see Equation (2)) during the
assumed productive season is ca. 0.51 divisions d–1 for
the period between cups 1.02 and 1.07 (November 2002–
January 2003), and ca. 0.43 divisions d–1 for the period
between cups 2.02 and 2.09 (October 2003–January 2004).
These estimations are higher than those reported by Fuchs
et al. (2013), or by Trimborn et al. (2017) which are around
0.1 and 0.2 divisions d–1, respectively.

The shortest auxospore that contained initial thecae was
reported to be 76 μm, the longest gametangium 31 μm long
(Assmy et al. 2006). We utilized these values as conser-
vative thresholds for the minimum size of initial, and the
maximum size of sexually inducible cells, respectively,
which is the size range within which only vegetative repro-
duction can occur. Assuming ca. 0.28 μm average length
decrease per division (Fuchs et al. 2013), according to the
MacDonald–Pfizer rule at least ca. 160 cell divisions can
occur within this range. With the maximum growth rate
of 0.51 divisions d–1 that we estimated, this would take
at least 316 days. This probably is a very conservative
lower limit for the minimal duration of the vegetative
reproduction phase, considering that cell size decrease per
division, as well as growth rate, might be overestimated,
and that we opted for the minimal size span between
initial and sexually inducible cells. Taking into account
the short productive season in the Southern Ocean, this
might mean that the vegetative phase of a F. kerguelensis
cohort spans several years. The life cycle of the phyloge-
netically closely related P. multistriata (Lundholm et al.
2002) has been reported to be two years (D’Alelio et al.
2010), meaning that our estimate is within the realm of
possibilities.

Evolutionary vs. eco-physiological aspects of the life
cycle
The frequency, exact timing, and environmental triggers
of sexual reproduction are of primary importance in the
diatom life cycle since they influence the sensitive bal-
ance between the costs and benefits of sex (Lewis Jr.
1984, Edlund & Stoermer 1997, Card & Carra 2013). Fur-
thermore, cell size also has important physiological and
ecological effects which, either by slight physiological reg-
ulation of cell size changes, or by differential selection

across different size classes, might also influence the size
composition of diatom populations (Bellinger 1977).

Fragilariopsis kerguelensis is a pennate diatom inhab-
iting the pelagic zone. Their sexual reproduction has only
been observed in detail in the laboratory, where it starts
with the detachment of individual cells that then show
increased gliding mobility over the surface of the culturing
vial (Fuchs et al. 2013). This is similar to the mate search
process characteristic of motile pennate diatoms, but one
would expect this form of active search behaviour to be
precluded by the lack of surfaces in the natural, open ocean
habitat of the species (unless they use the surface of pelagic
animals or marine snow aggregates). In the absence of
active motility, sexual reproduction probably has to occur
after the chance passive encounter of two chains of dif-
ferent mating types in the sexually inducible size range.
The frequency of chance encounters is density dependent,
and this would be in line with the field observations of
Assmy et al. (2006) of a higher relative abundance of aux-
ospores in the patch with a higher absolute cell density of
F. kerguelensis. The next question is whether such random
encounters between two chains necessarily initiate mating,
or if sexual induction is additionally dependent on the time
of the year or environmental conditions. Our data provide
an indication of an increased proportion of valves in the
initial cell size range around the end of the productive sea-
son, which might indicate that environmental conditions
unfavourable for vegetative growth might contribute to the
induction of sexuality in this species.

On the eco-physiological side, reduced cell size is
beneficial for coping with depleted nutrient conditions,
because of a higher surface to volume ratio, allowing
for more efficient nutrient uptake. For high-nutrient –
low-chlorophyll (HNLC) regions such as the Southern
Ocean, iron, rather than macro-nutrients, is known to be
a major factor limiting phytoplankton growth (Martin et al.
1990). For F. kerguelensis under prolonged iron limita-
tion, Timmermans & Van Der Wagt (2010) reported a
decrease of 50% in surface area as well as in cell volume,
and thus an increase in surface area-volume ratio of 25%,
whilst Hoffmann et al. (2007) and Wilken et al. (2011)
found stronger silicification under iron-limited conditions,
which could potentially reduce the risk of being grazed.
These findings indicate that iron limitation would result
in the production of small, heavily silicified F. kergue-
lensis frustules, capable of more efficient (micro-)nutrient
uptake and less amenable to grazing. Our observation of
shifts to smaller size classes during the vegetative season
could be in line with this, since in this period, iron avail-
ability is low due to consumption by proliferating diatoms,
whilst grazing pressure might be high due to proliferating
grazers. Alternatively, reduced size and silicification could
reflect the seasonal depletion of silicate, as observed in
diatom community composition in an autonomously col-
lected time series of surface phytoplankton at the Southern
Ocean Time Series site in the Subantarctic Zone ( ∼ 47°S,
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140°E), where silicate becomes depleted earlier in the
summer (Eriksen et al. 2018).

Larger cells have different advantages: higher nutrient
storage capacity and better buoyancy control (Bellinger
1977, Waite et al. 1997, Roselli & Basset 2015), both of
which can be important during the winter when energy sup-
ply is limited, possibly explaining why we see more of the
larger F. kerguelensis cells in the winter. This idea is sup-
ported by the ongoing increase in minimum valve length
during the second half of winter, possibly indicating that
cells at the lower end of the size spectrum might not be
able to keep their buoyancy under the relatively dark win-
ter conditions and thus are depleted. Furthermore, larger
cells might be able to sustain enough supplies until next
spring to start the first bloom as soon as conditions become
favourable again, without needing to restock first. And
they can support this bloom with as many cell divisions
as possible before reaching their lower size limit, which
would then require sexual reproduction to restore large cell
size. Since this reduces the growth rate (Waite & Harrison
1992), it would impede proliferation, even with sufficiently
favourable environmental conditions to enable the bloom.

Summarizing, being smaller could be advantageous for
F. kerguelensis during the growing season when it has to
compete with other phytoplankton for limited iron sup-
plies. An actively dividing population can also better cope
with losses due to sinking, which affect smaller cells more
than larger ones. However, this balance switches as soon
as positive growth rates cannot be sustained due to light
or micronutrient shortage: the smaller proportion of the
population is slowly purged by sinking, and larger cells
capable of maintaining positive buoyancy are enriched.
Slow loss of summer and autumn diatom populations by
sinking during the winter is consistent with the silicon iso-
tope records of diatoms in sediment traps at this PFZ site
(Closset et al. 2015).

Size-selective mortality (grazing or parasitism) can also
impact diatom cell size distributions (Edlund & Stoer-
mer 1997). For example, F. kerguelensis is grazed on
by euphausiids or copepods, some of which are known
to selectively graze distinct size classes, but literature
reports on size-dependent filtering efficiency of Euphausia
superba diverge, some suggesting a preference of smaller,
some others of intermediate size classes of F. kerguelen-
sis (Meyer & El-Sayed 1983, Quetin & Ross 1985, Assmy
2004).

Possible limitations and benefits of our analysis
Because of the remoteness of the study area, our morpho-
metric data are limited to sediment trap material. Sediment
trap samples do not necessarily give an unbiased picture of
processes in the surface mixed layer. The collected mate-
rial is influenced by numerous and varying factors such
as mortality, sinking speed, selective dissolution, aggrega-
tion, mixed layer depth, varying sampling resolution and

many more (Closset et al. 2015, Rigual-Hernández et al.
2016). Material collected by a sediment trap is unavoid-
ably integrated over time, and the possibly large variability
in sinking speed between cells/valves sinking out individ-
ually versus as part of larger aggregates, dead or alive,
could confound temporal signals to an unknown degree.
Furthermore, water masses passing the trap were driven
by the ACC, which moves continuously at a speed of ca.
1–2 km h–1 (Hofmann 1985) and meanders (Moore et al.
1999) over the fixed position of the trap. Thus, trap sam-
ples are also integrated over an area, the so-called statistical
funnel (Siegel & Deuser 1997, Siegel et al. 2008), and cer-
tainly over different population patches. Smetacek et al.
(2002) observed distinct patchiness of diatom populations
along the APF on the mesoscale, within the magnitude
of some tens of kilometres. These patches can contain
different populations, which might exhibit different life
cycle stages and propagation behaviour. Accordingly, sig-
nals from sediment trap material most probably are blurred,
possibly biased and definitely postponed, compared to their
surface production. Until continuous long-term monitor-
ing of the upper water column phytoplankton becomes
more widespread in the Southern Ocean, sediment traps
represent one of the few available tools that allow us
to investigate phytoplankton life cycles in this habitat.
Novel autonomous sampling devices might, however, soon
change this situation, as in recent seminal studies using
moored water samplers (Eriksen et al. 2018). In the future,
these could be complemented by automated imaging and
morphometry methods similar to those used here or by
Bishop & Spaulding (2017).

Conclusion
Changes in F. kerguelensis size distributions collected by
sediment traps were characterized using semi-automated
imaging and image analysis methods, yielding precise
morphometric information of nearly 29,000 F. kerguelen-
sis valves, from 41 samples covering a period of two years.
During the productive season, a shift towards an increased
proportion of smaller cells was observed, which can be
explained as the result of progressive size decrease accom-
panying cell division. Later on, the proportion of smaller
cells decreased, which might have been due to losses
resulting from sinking, nutrient (iron or silicon) depletion,
or declining light availability, although loss due to sexual
reproduction or size-selective grazing cannot be excluded.
If the species engage in synchronized sexual reproduc-
tion events, these might occur during this period, similar
to many other pelagic diatoms, although the evidence we
found for the appearance of new, large-sized cohorts is not
overwhelmingly convincing. During both winters, mostly
larger cells persisted. These then provided an inoculum
of sexually inducible sized cells, once the period of cell
division began.
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