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In situ emergence of the centric diatoms from the surface sediment, along with the
occurrence of the vegetative cells in the water column, were monitored monthly in a
shallow embayment, Ago Bay, of central Japan, where light penetrated to the seafloor.
The in situ emergence flux (cells m-2 day-1) was measured by experiments using a
‘plankton emergence trap/chamber (PET chamber)’. During the study period from July
2006 to May 2008, germinating and rejuvenating cells of centric diatoms were
successfully collected by the PET chamber. Furthermore, vegetative cells forming long-
chain colonies, including the species which have not been known to form resting stage
cells, were also found, indicating that these cells already inhabited the surface sediment
prior to the start of the PET chamber experiments. The vegetative cells could be cells that
grew after germination/rejuvenation and/or cells deposited from the upper layer in the
water column. When comparing emergence flux in the PET chamber and the integrated
abundance of the vegetative cells in the water column for the diatoms frequently observed,
significant positive relationships were found for some diatom taxa. However, even for
these taxa that showed a clear relationship, the magnitude of the vegetative population in
the water column did not necessarily correlate with that of the emergence flux. These
observations indicate that the magnitude of the vegetative population was not regulated
directly by the emergence flux. The magnitude of the vegetative population could be
dependent on the vegetative growth itself. This implies that the presence of vegetative
cells in the water column is important at the time when environmental conditions become
suitable for vegetative growth. In this context, the presence of various types of cells, such
as germinating, rejuvenating, and vegetative cells, in the sediment is essential as seeds
waiting for recruitment into the water column. Consequently, the seafloor in Ago Bay may
act as a ‘refuge and nursery’ for centric diatoms. Based on the above, we demonstrated
various patterns of life cycle strategies of the diatoms in a shallow coastal
water/embayment.

Keywords: diatom, resting stage cell, vegetative cell, emergence, PET chamber, shallow embayment, life
cycle strategy
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INTRODUCTION

Among phytoplankton, diatoms and dinoflagellates are the major
primary producers in coastal areas. Diatoms and dinoflagellates
show species successions in response to drastic changes in the
coastal environments (Margalef, 1958; Smayda, 1980; Reynolds,
1984). Many species of both diatoms and dinoflagellates can
produce dormant benthic cells possessing the ability to survive
adverse environments for vegetative growth (Dale, 1983;
Hargraves and French, 1983; Belmonte and Rubino, 2019).

Dormant benthic cells for most species of dinoflagellates are
known to be produced through sexual reproduction (von Stosch,
1967; Dale, 1983; Pfiester and Anderson, 1987) and for most
species of centric diatoms through asexual reproduction
(Hargraves and French, 1983; Hasle and Sims, 1985; Rines and
Hargraves, 1988; Hargraves, 1990). Such dormant benthic cells are
named ‘cysts’ for dinoflagellates, and ‘resting spores’ or ‘resting
cells’ for diatoms, depending on their morphological/physiological
features. The resting spore, characterized by a different shape from
its vegetative cell and by a thick cell wall, is formed in the frustule
of a vegetative cell and possesses high tolerance to adverse
conditions for the vegetative growth. In contrast, the resting cell
is one in which the physiological status of the vegetative cell
becomes dormant without any morphological differences from the
vegetative cell (McQuoid and Hobson, 1996). These dormant
benthic cells are collectively called ‘resting stage cells’ but the
reproduction modes of these two types of cells are separately
Frontiers in Marine Science | www.frontiersin.org 2
referred to as ‘germination’ for resting spores and ‘rejuvenation’
for resting cells (Sicko-Goad, 1986; McQuoid and Hobson, 1996).

The life cycle of such resting stage cell forming centric diatoms
has generally been explained as a conceptual diagram shown in
Figure 1, which was drawn with reference to the reviews (McQuoid
and Hobson, 1996; Belmonte and Rubino, 2019). The resting stage
cells are formed under unfavorable conditions, such as nutrient
depletion or low light conditions, for vegetative growth. When the
benthic environmental conditions become favorable, the cells
germinate (from resting spores) and rejuvenate (from resting
cells), forming the vegetative population in the water column
(McQuoid and Hobson, 1996; Itakura et al., 1997). Therefore, it is
widely accepted that the resting stage cells act as ‘seed populations’
in their population dynamics (Hargraves and French, 1983; Pitcher,
1990), as is the case of dinoflagellates(Wall, 1971; Steidinger, 1975).

Accordingly, to understand the population dynamics of
diatoms, the biology and ecology, with reference to germination/
rejuvenation, of the resting stage cells have been studied under
laboratory conditions (e.g., Imai et al., 1996; Itakura, 2000; Ueno
and Ishikawa, 2009; Montresor et al., 2013). However, the
conditions of the in situ environment are extremely complex
and impossible to be mimicked in the laboratory. Therefore, to
get a better understanding of the population dynamics in the
natural environment, it is necessary to investigate the
“germination” of the resting stage cells in situ.

Given the above circumstances, the ‘plankton emergence
trap/chamber (PET chamber)’ has been developed to collect
FIGURE 1 | Conceptual diagram of life cycle of the centric diatoms forming the resting stage cells (resting spores and resting cells).
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germinating cells (the vegetative cells just after germination)
from the microalgal cysts in the surface sediments (Ishikawa
et al., 2007). Subsequent study using the PET chamber
successfully elucidated the mechanism of population dynamics
of a toxic dinoflagellate of Alexandrium catenella (present name
A. pacificum) (Ishikawa et al., 2014). However, there are no
reported investigations that applied the PET chamber to diatoms
or other microalgae that form resting stage cells/cysts.

In this study, we investigated the germination/rejuvenation of
centric diatoms by using the PET chamber in order to elucidate the
mechanisms of their population dynamics in a temperate shallow
embayment. Based on the results of this investigation, we discuss
the life cycle strategies of diatoms in such shallow coastal waters.
MATERIALS AND METHODS

For this study, we selected Ago Bay, located on the southeast
coast of Kii Peninsula, central Japan, as a model area of a typical
coastal environment in the temperate zone (Figure 2). This bay
is semi-enclosed with an area of 25 km2 and is connected to the
Pacific Ocean through a narrow bay mouth of ca. 2 km width.
There are no major rivers in the bay, so freshwater inflow is
limited. The average water depth of the bay is shallow at about
10 m, implying that light penetrates to the seafloor throughout
the year. Sampling was conducted at a site (34° 16.30’ N; 136°
48.40’ E), located at the southern extent of the bay at a frequency
of once a month for about two years from July 2006 to May 2008
(Figure 2). The average depth at the site is 11 m. This is the same
site where the study of A. catenella was conducted before, by
using the PET chamber (Ishikawa et al., 2014).
Frontiers in Marine Science | www.frontiersin.org 3
Measurements of
Environmental Conditions
Water temperature and salinity were measured at three depths of
0, 4, and 1 m above the bottom (hereafter: b-1 m) at the sampling
site, using a Multi-probe (Hach-Hydrolab, QUANTA). In
addition, dissolved oxygen (DO) concentration and light
intensity (PAR) at 0.3 m above the bottom (hereafter: b-0.3 m)
were recorded every 20 minutes throughout the study period,
using a compact memory oxygen meter (JFE Advantec,
COMPACT-DOW) and a light quantum memory meter (JFE
Advantec, COMPACT- LW), respectively. However, during the
monitoring of the light, recording of its data occasionally failed
due to the breakdown of the sensor.

Water Sampling and Treatments
Water samples were collected at different depths in the water
column, using a Van-Dorn sampler. Samples (ca. 1,000 mL)
collected from each depth were used to analyze nutrients and to
count vegetative cells of centric diatoms.

A 100 mL aliquot of each water sample collected at 0 and b-1 m
was filtered through a glass fiber filter (Whatman, GF/F) and the
filtrate was frozen at -30°C until analysis of the following nutrients:
dissolved inorganic nitrogen (NO3-N + NO2-N + NH4-N: DIN),
phosphate (PO4-P; DIP), and silicate (SiO4-Si). The concentrations
of these nutrients were measured with an autoanalyzer (BL TEC,
swAAt) by the method of Strickland and Parsons (1972). Dissolved
silicate was measured starting on a later date, February 2007.

To count the vegetative cells of the diatoms, 500 mL water
samples collected at 0, 2, 4, 6, 8 and b-1 m were immediately
fixed by adding borax-buffered formaldehyde at a final
concentration of 1% (v/v). After allowing the preserved
FIGURE 2 | Location of the sampling site (open star) in Ago Bay, central Japan.
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samples to settle for at least 24 h in the laboratory, the
supernatant was removed by siphoning and concentrated to 10
mL. From this concentrated sample, a 1 mL of aliquot was spread
onto a Sedgewick-Rafter chamber, and all of the vegetative cells
of diatoms that appeared were identified and counted usually at
200 X magnification (400 or 600 X when needed) under an
inverted epifluorescence microscope (Nikon, ECLIPSE TE200),
along with confirming the viability of cells. The identification of
the species was mainly referred to Rines and Hargraves (1988);
Hasle and Syvertsen (1997) and Jensen and Moestrup (1998). In
this microscopy, the counting was conducted until the total
number of the vegetative cells was more than 200 cells. All cell
counts were made in triplicate and the cell abundance was
obtained as the average value (cells L-1). These cell abundances
were finally integrated to obtain the total abundance of vegetative
cells in the water column per m2 (cells m-2) by plotting the
abundances (cells L-1) against their respective depths.

Sediment Sampling and PET
Chamber Experiment
The sediment core samples were collected without disturbance
using the method of Yokoyama and Ueda (1997), in which an
acrylic core tube (6.4 cm diameter, 23 cm length) was set in the
bucket of an Ekman grab (see Ishikawa et al., 2007). A total of six
sediment core samples were obtained randomly within a 10 m
radius at the sampling site. Among them, five core samples were
used for the PET chamber experiments to collect in situ
germinating/rejuvenating cells from the surface sediment and
the remaining one for measuring the temperature of the
sediment at a depth of 1 cm with a mercury thermometer
immediately after the core sample was obtained.

A schematic diagram of the PET chamber used in the present
study is shown in Figure 3. The chamber consists of a top cylinder
and a bottom cylinder. The top cylinder is designed to contain
filtered seawater and the bottom cylinder to contain sediments
collected at the sampling site. In every experiment, we employed
five such units and set them all together on a stainless-steel
incubation platform (Figure 3). In addition to the above units,
one unit was placed on the platform as a control chamber filled
with filtered seawater at the sampling site but without sediment
inside of the bottom cylinder, in order to check the contamination
(i.e., invasion) of diatoms from outside the cylinder (i.e., ambient
seawater). The six PET chambers were set at a bottom depth of
~11m at the sampling site. After 24 h, the chambers were retrieved
and the seawater in the top cylinder of the chamber was carefully
collected. All of the above handling procedures using PET
chambers were described in Ishikawa et al. (2007).

The water samples (ca. 500 mL) collected from the top cylinder
were immediately fixed with borax-buffered formaldehyde at a final
concentration of 1% (v/v). The fixed samples were brought back to
the laboratory and allowed to settle for at least 24 h. Thereafter, the
supernatant in the sample was removed by siphoning and
concentrated to 100 mL. This concentrated sample was finally
poured into the “combined plate chamber” (see Hasle, 1978) and
allowed to settle again for at least 24 h before microscopy. All of the
vegetative cells that appeared in the sample of a PET chamber were
Frontiers in Marine Science | www.frontiersin.org 4
identified and counted at usually 200 Xmagnification (400 or 600 X
when needed) using an inverted epifluorescence microscope
(Nikon, ECLIPSE TE200) under blue light excitation, making it
possible to detect the viable vegetative cells easily by observing their
autofluorescence, even though the samples occasionally contained
sediment silt and clay particles which were derived from
resuspension of the surface sediment at the time when the water
sample in the top cylinder of the PET chamber was collected. The
vegetative cell numbers in the five PET chambers were first averaged
and finally converted to daily ‘emergence flux’ per m2 (i.e., cells m-2

day-1) by taking the sediment surface exposed area on the base plate
of the PET chamber (i.e., 32.2 cm2, see Ishikawa et al., 2007). It was
assumed that grazing by zooplankton on the emerged cells during
the PET chamber experiment was negligible, since large
zooplankton were rarely observed in the samples, as was the case
in a previous study of the dinoflagellate A. catenella conducted at
this same site (Ishikawa et al., 2014).

In order to clarify the relationship between the emergence
flux (cells m-2 day-1) and the abundance of vegetative cells in the
water column (cells m-2), Spearman’s rank test was conducted
using the software SPSS (ver. 22).

After the above series of studies, sediment cores were
additionally collected without disturbance by the same method
using Ekman grab as described above at the same sampling site in
July 2020. The water sample containing fine sediment particles in
the flocculent layer (sediment/water interface) was obtained by
sucking with a dropper. The contents in the sample were directly
observed under the microscope.
RESULTS

Environmental Conditions
The water column was thermally stratified in the summer from
July to September in 2006 and from June to September in 2007.
During these periods, the temperatures at the surface (0 m) and
the bottom (b-1 m) were in the range of 24.6 – 27.1°C and 19.1 –
23.4°C, respectively (Figure 4A). In contrast, the water column in
other periods was vertically mixed, except in January 2007. The
water temperatures in the water column were generally lower than
15°C from December to March in both 2006/2007 and 2007/2008,
with minima of 9.0°C at 0 m and 8.7°C at b-1 m in January 2008.
The temporal change in temperature of the sediment showed a
similar trend to that in the water column, with a maximum of
25.2°C in July 2007 and a minimum of 10.0°C in January 2008.

Salinity in the water column showed no clear temporal
changes, being almost always in the range of 30 – 35 during
the study period, although it occasionally decreased to 23.9 at
0 m in July 2007 and about 16 throughout the water column in
April 2008 (Figure 4B). Such lower values of salinity were due to
heavy rain fall (Japan Meteorological Agency, data available at
https://www.data.jma.go.jp/gmd/risk/obsdl/).

Concentrations of DO at b-0.3 m showed a clear temporal
change, with relatively low and high values when the water column
was stratified or vertically mixed, respectively (Figure 5A). DO was
July 2022 | Volume 9 | Article 889633
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often lower than 2 mg L-1 in the warmer seasons (from July to
September) but generally higher than 4 mg L-1 in other seasons.

The light intensity at b-0.3 m during daytime changed notably,
not only seasonally but also daily, in the range of 1.3 – 187.0 µmol
photons m-2 s-1 (Figure 5B). Throughout the study period, the
light almost always penetrated to the bottom at intensities > 10
µmol photons m-2 s-1, and although there were cases when
intensity was < 10 µmol photons m-2 s-1, it did not continue for
more than 2 successive days. The average light intensity over the
periods when the PET chamber experiment was conducted was
27.3 µmol photons m-2 s-1 (data not shown).

Concentrations of DIN (Figure 6A) and DIP (Figure 6B)
changed temporally in a similar manner, being generally high at
both depths (0 m and b-1 m) in the warm seasons from June/July to
September/October in both years, 2006 and 2007, and low in cold
Frontiers in Marine Science | www.frontiersin.org 5
seasons (January to March). During the study, the concentration of
DIN fluctuated in the range of 1.4 -7.3 µM and 1.1 – 13.0 µM at 0 m
and b-1 m, respectively, and DIP fluctuated in the range of 0.1-0.6
µM and 0.1-1.2 µM at 0 m and b-1 m, respectively. The
concentration of SiO4 (Figure 6C) changed over a wider range
between 1.7 and 32.2 µM in the water column, although no obvious
temporal change was observed in the concentrations.

As a whole, the environmental conditions measured at the
sampling site tended to show changes with the seasons, like those
in a typical temperate embayment.

Diatoms Observed in Water Column
and PET Chamber
Over the course of this study, from July 2006 to May 2008, more
than 79 species grouped in 34 genera, including unidentified
FIGURE 3 | Schematic diagram showing plankton emergence trap/chamber (PET chamber) experiment.
July 2022 | Volume 9 | Article 889633
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species, and more than 55 species grouped in 28 genera were
observed in samples representing the water column and the PET
chamber, respectively (Table 1): all of the 55 species in the PET
chamber appeared in the water column.

Vegetative cells that frequently emerged in the PET chamber
are shown in Figure 7. Among these vegetative cells, different
types were found as follows. Vegetative cells with chloroplasts
were observed beside a valve which was shed from a resting spore
(Figure 7G). In addition, long chains of vegetative cells
containing distinct chloroplasts were often observed for species
of the genera Chaetoceros (e.g., Figures 7J, M), Skeletonema
(Figure 7Ab) and Thalassiosira (Figure 7Af). Among the 55
species recognized in the PET chambers, 24 species have not
been known to form the resting stage cells so far (Table 1).

The top five of the most frequently detected species were
common in both the water column and the PET chamber. Those
species were Cerataulina pelagica, Chaetoceros debilis, Ch. didymus,
Ch. distans and Leptocylindrus danicus. Furthermore, the genus
Skeletonema also occurred quite frequently. Since identification of
species of the genus Skeletonema is very difficult under an optical
microscope in a routine observation (see Sarno et al., 2005), they are
collectively referred to as Skeletonema spp. in this study. No obvious
trend of temporal change in either the abundance of the vegetative
Frontiers in Marine Science | www.frontiersin.org 6
cells or the emergence flux of the frequently observed diatoms was
found during the study (Figure 8). This was also true for other
diatoms detected in this study (data not shown). The maximum
abundance of the vegetative cells in the water column reached
between 109- 1010 cells m-2 for Ch. debilis and Skeletonema spp.,
between 108 – 109 cells m-2 for Ch. didymus and between 107 – 108

cells m-2 for Ce. Pelagica, Ch. distans, and Le. danicus. In the PET
chamber, the emergence flux exceeded 1.0×105 cells m-2 day-1 for
Ch. debilis and Skeletonema spp. For other species, the maximum
flux was in the range between 102-104 cells m-2 day-1. The
abundance of the vegetative cells in the water column and the
emergence flux in the PET chamber for each of these five species
and Skeletonema spp. varied notably during the study period, but no
clear relationships were found in the temporal changes between
either of them (the abundance of the vegetative cells or the
emergence flux) and any of the environmental parameters, such
as water temperature, salinity, DO, light intensity and
concentrations of nutrients.

For these diatom taxa, in many cases their vegetative cells
occurred in the water column when their cells emerged in the
PET chamber. Analysis of the relationship between the abundance
of the vegetative cells and the emergence flux by Spearman’s rank
test revealed a significant positive relationship for Ch. debilis (r =
0.50, n = 23, p < 0.05), Ch. didymus (r = 0.47, n = 23, p < 0.05) and
Skeletonema spp. (r = 0.76, n = 23, p < 0.01), but not for Ch. distans
(r = 0.41, n = 23, p > 0.05), Le. danicus (r = 0.38, n = 23, p > 0.05)
and Ce. pelagica (r = 0.36, n = 23, p > 0.05) (Table 2).
A

B

FIGURE 5 | Temporal changes in concentration of dissolved oxygen (DO) (A)
and light intensity (B) measured at 0.3 m above the bottom, using memory
meters, at the sampling site in Ago Bay. The periods in the dashed frame
indicate that no data was recorded.
A

B

FIGURE 4 | Temporal changes in temperature (A) at different depths in the
water column and at 1 cm depth in the sediment, and salinity (B) at different
depths in the water column at the sampling site in Ago Bay. b-1 m denotes
the depth at 1 m above the bottom.
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Throughout the PET chamber experiments, vegetative cells
were not observed in the chamber employed as a control,
confirming that there was no contamination from outside the
PET chamber.

In the water samples of the flocculent layer obtained in July 2020,
many diatom species forming long chains of vegetative cells with
distinct chloroplasts in each cell were observed. Chaetoceros species
dominated, but other genera (Bacteriastrum and Skeletonema) were
also observed (Figure 9).
DISCUSSION

Vegetative Cells Emerged in the
PET Chamber
In one of the samples of the PET chamber, a single vegetative
cell with chloroplasts was observed just beside the valve of the
resting spore (Figure 7G). Following the identification criteria
Frontiers in Marine Science | www.frontiersin.org 7
for the species of the resting spores of diatoms presented by
Ishii et al. (2011), the valve was morphologically identified as
that of Ch. debilis, indicating that this single cell should have
been a cell that germinated from a resting spore of the species
during the 24 h of the PET chamber experiment. Similar cells
were also observed for other species (photographs not shown).
In addition, no contaminations of vegetative cells were
observed in the PET chamber used as a control. These
support that the monitoring of germinated/rejuvenated cells
in the in situ sediment using the PET chamber was successful in
this study.

Apart from the germinating cells, a large number of
vegetative cells of diatom species which have not been
known to form resting stage cells were observed in the PET
chamber. The number of such species was 24, constituting
about half of the total species that emerged in the PET
chamber during the study period (Table 1). However, as
suggested by Lewis et al. (1999) and Ueno and Ishikawa
(2009), many unknown species of diatoms that form resting
stage cells might exist. In this context, it is noteworthy that the
resting stage cells of six species (Actinoptycus senarius,
Biddulphia alternans, Detonula pumila , Lithodesmium
variabile, Odontella longicruris and O. mobiliensis) were
reported in the sediments collected in Ago Bay (Ishii et al.,
2012) and the vegetative cells of all of these species emerged in
the PET chamber in this study (Table 1). Therefore, it is
possible that some additional species that emerged in the PET
chamber can form resting stage cells.

It is intriguing that many long chains consisting of 4 or more
cells were observed in the samples of the PET chamber (e.g.,
Figures 7J, Ab, Af). Considering that the cell division rate of
diatoms is known to generally be one to two times per day, even
for the fastest dividing species (Eppley, 1977; Frunas, 1990;
Itakura et al., 1993), it is unlikely that those chains were formed
after germination/rejuvenation of the resting stage cells within
24 h in the PET chamber experiments, suggesting that the
vegetative cells consisting of the long chains had existed
originally on the surface sediment before the experiment of
the PET chamber started. Indeed, in the samples of the
flocculent layer, many diatom species forming long chains of
vegetative cells with distinct chloroplasts in each cell were
observed (Figure 9). Vegetative cells were also found in the
water of the benthic boundary layer (flocculent layer) off
Oregon, U.S.A. (Wetz et al., 2004).

Vegetative cells could grow at light intensities > 9.4 µmol
photons m-2 s-1 for Skeletonema costatum (sensu lato) (Itakura,
2000) and > 10 µmol photons m-2 s-1 for Coscinodiscus wailesii
(Nishikawa and Yamaguchi, 2006) and Eucampia zodiacus
(Nishikawa and Yamaguchi, 2008). This suggests that the two
types of the living diatoms forming long chains in the flocculent
layer of the surface sediment at the sampling site, where light
almost always penetrated to the bottom (average depth 11 m) at
intensities of > 10 µmol photons m-2 s-1 (Figure 5B), were
present, although they could not be differentiated, as follows:

(1) the vegetative cells reproduced in the flocculent layer after
germination/rejuvenation prior to the PET chamber experiment
A

B

C

FIGURE 6 | Temporal changes in concentrations of DIN (A), DIP (B) and
SiO4 (C) at the depth of 0 m and b-1 m at the sampling site in Ago Bay. b-1
m denotes the depth at 1 m above the bottom.
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TABLE 1 | Compiled list of species (genus) of centric diatoms observed in the water column and PET chamber at the sampling site in Ago Bay, during the period from
July 2006 to May 2008.

Diatom species (genus) Appearance Type of resting
stage cells

References**

Water
column

PET

Actinocyclus spp. ○ ○ −

Actinoptychus senarius Ehrenberg ○ ○ RC Ishii et al., 2012; Belmonte and Rubino, 2019
Asteromphalus hyalinus Karsten* ○ ○
Bacteriastrum delicatulum Cleve ○ RS Hargraves, 1976; Belmonte and Rubino, 2019
Ba. elongatum Cleve* ○ ○
Ba. furcatum Shadbolt ○ ○ RS Karsten, 1905; Belmonte and Rubino, 2019
Ba. hyalinum Lauder ○ ○ RS Cupp, 1943; Belmonte and Rubino, 2019
Biddulphia alternans (Bailey) Van Heurck ○ ○ RC Ishii et al., 2012; Belmonte and Rubino, 2019
Cerataulina dentata Hasle* ○ ○
Ce. pelagica (Cleve) Hendey ○ ○ RS Saunders, 1968
Chaetoceros affinis Lauder ○ ○ RS Gran and Yendo, 1914; Stockwell and Hargraves, 1986; Belmonte and Rubino,

2019; Saunders, 1968
Ch. anastomosans Grunow ○ RS Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. borealis Bailey* ○
Ch. brevis Schütt ○ RS Cupp, 1943; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. constrictus Gran ○ RS Gran, 1912; Cupp, 1943; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. contortus Schütt ○ ○ RS Jensen and Moestrup, 1998; Belmonte and Rubino, 2019
Ch. coronatus Gran ○ ○ RS Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. curvisetus Cleve ○ ○ RS Cupp, 1943; Rines and Hargraves, 1990; Belmonte and Rubino, 2019
Ch. danicus Cleve* ○ ○
Ch. debilis Cleve ○ ○ RS Cupp, 1943; Garrison, 1981; Belmonte and Rubino, 2019
Ch. decipiens Cleve* ○ ○
Ch. densus (Cleve) Cleve* ○
Ch. diadema (Ehrenberg) Gran ○ ○ RS Gran and Yendo, 1914; Hargraves, 1972; Belmonte and Rubino, 2019
Ch. didymus Ehrenberg ○ ○ RS Karsten, 1905; Garrison, 1981; Belmonte and Rubino, 2019
Ch. distans Cleve ○ ○ RS Gran and Yendo, 1914; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. eibenii Grunow ○ RS Pavillard, 1921; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. laciniosus Schütt ○ ○ RS Cupp, 1943; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. lauderi Ralfs and Lauder ○ ○ RS Gran and Yendo, 1914; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. lorenzianus Grunow ○ ○ RS Gran and Yendo, 1914; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. pelagicus Cleve* ○
Ch. peruvianus Brightwell* ○ ○
Ch. pseudocurvisetus Mangin ○ ○ RS Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. radicans Schütt ○ ○ RS Cupp, 1943; Garrison, 1981; Belmonte and Rubino, 2019
Ch. rostratus Ralfs* ○ ○
Ch. seiracanthus Gran ○ ○ RS Karsten, 1905; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. siamense Ostenfeld ○ RS Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. socialis Lauder ○ ○ RS Cupp, 1943; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Ch. tortissimus Gran* ○ ○
Ch. wighamii Brightwell ○ ○ RS Cupp, 1943; Stockwell and Hargraves, 1986; Belmonte and Rubino, 2019
Chaetoceros spp. ○ ○ −

Climacodium frauenfeldianum Grunow* ○
Corethron pennatum (Grunow) Ostenfeld* ○ ○
Coscinodiscus gigas Ehrenberg* ○ ○
Cos. granii Gough* ○ ○
Cos. wailesii Gran and Angst ○ ○ RC Nagai et al., 1995
Coscinodiscus spp. ○ ○ −

Cyclotella spp. ○ ○ −

Dactyliosolen fragilissimus (Bergon)
Hasle*

○ ○

Da. tenuijunctus (Manguin) Hasle* ○ ○
Detonula pumila (Castracane) Gran ○ ○ RC Ishii et al., 2012; Belmonte and Rubino, 2019
Ditylum brightwellii (West) Grunow ○ ○ RS Cupp, 1943; Hargraves, 1976; Hargraves, 1984; Belmonte and Rubino, 2019
Di. sol (Grunow) De Toni* ○
Eucampia cornuta (Cleve) Grunow* ○
Eu. zodiacus Ehrenberg* ○ ○
Guinardia delicatula (Cleve) Hasle* ○ ○
Gu. flaccida (Castracane) Peragallo* ○ ○
Gu. striata (Stolterfoth) Hasle* ○ ○

(Continued)
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(2) the vegetative cells had been deposited from the
water column into the flocculent layer prior to the PET
chamber experiment

In this study, the presence of diatom cells forming long chains
in the flocculent layer was revealed by the PET chamber
experiment. This is the reason why we used the term
‘emergence’ for the flux measured by the PET chamber rather
than ‘germination/rejuvenation’.
Relationship Between Emergence
of the Vegetative Cells and
Environmental Factors
Throughout the study period, the emergence flux of the diatoms
fluctuated largely but no clear trends of temporal changes
appeared (Figure 8). Itakura (2000) reported, on the basis of
laboratory culture experiments, that the resting stage cells of
diatoms (Sk. costatum (sl), Chaetoceros spp. and Thalassiosira
spp.) could germinate/rejuvenate from the sediments collected at
Frontiers in Marine Science | www.frontiersin.org 9
Hiroshima Bay, Japan, at temperatures from 10 – 28°C and
suggested that temperature is not a limiting factor on the
germination/rejuvenation of their resting stage cells. Meanwhile,
the vegetative cells that emerged in the PET chamber included not
only the vegetative cells that germinated/rejuvenated from the
sediment but also two types of cells forming long chains, as
described above. The vegetative cells of the diatoms generally grow
at a wide range of temperatures in laboratory experiments
(Eppley, 1977). Furthermore, it has been reported that no
obvious trends of temporal changes in the occurrence of
vegetative cells in the water column were observed (Itakura
et al., 1997; Itakura, 2000). These findings indicate that the
temporal change of emergence flux could not be determined by
the temporal change of temperature. In addition, there seemed to
be no clear relationships between any environmental condition
(salinity, DO, light intensity, or nutrients) and emergence flux in
this study. On the other hand, it is well known that light is a
primary factor to induce germination/rejuvenation of diatom
resting stage cells (Hollibaugh et al., 1981; Imai et al., 1996).
TABLE 1 | Continued

Diatom species (genus) Appearance Type of resting
stage cells

References**

Water
column

PET

Helicotheca tamesis (Shrubsole) Ricard* ○ ○
Hemiaulus hauckii Grunow and Van Heurck* ○
Hem. sinensis Greville* ○
Hyalodiscus subtilis Bailey* ○ ○
Lauderia annulata Cleve* ○ ○
Leptocylindrus danicus Cleve ○ ○ RS Gran, 1912; Cupp, 1943; Hargraves, 1976; Belmonte and Rubino, 2019
Lithodesmium undulatum Ehrenberg* ○ ○
Li. variabile Takano ○ ○ RC Ishii et al., 2012; Belmonte and Rubino, 2019
Melosira nummuloides Agardh* ○ ○
Neocalyptrella robusta (Norman and Ralfs)
Hernández-Becerril and Meave del Castillo*

○

Odontella aurita (Lyngbye) Agardh ○ RC McQuoid and Hobson, 1996; Belmonte and Rubino, 2019
Od. longicruris (Greville) Hoban ○ ○ RC Ishii et al., 2012; Belmonte and Rubino, 2019
Paralia sulcata (Ehrenberg) Cleve ○ ○ RS Cupp, 1943; McQuoid and Hobson, 1996; Belmonte and Rubino, 2019
Proboscia alata (Brightwell) Sundstrőm ○ RS Cupp, 1943; McQuoid and Hobson, 1996; Belmonte and Rubino, 2019
Pr. indica (Peragallo) Hernández-Becerril* ○
Pseudosolenia calcar-avis (Schultze)
Sundstrőm*

○

Rhizosolenia crassispina Schrőder* ○
Rh. formosa Peragallo ○ RS von Stosch, 1967; Belmonte and Rubino, 2019
Rh. hyalina Ostenfeld* ○ ○
Rh. setigera Brightwell ○ ○ RS Cupp, 1943; von Stosch, 1967; Belmonte and Rubino, 2019
Rh. striata Greville* ○ ○
Rh. styliformis Brightwell* ○
Skeletonema spp. ○ ○ −

Stephanopyxis nipponica Gran and
Yendo

○ RS Haga, 1997; Belmonte and Rubino, 2019

St. palmeriana (Greville) Grunow ○ ○ RS Gran and Angst, 1931; Drebes, 1966; Belmonte and Rubino, 2019
Trieres mobiliensis (Bailey) Ashworth and
Theriot

○ RC Ishii et al., 2012 (as Odontella mobiliensis); Belmonte and Rubino, 2019

Trigonium alternans (Bailey) Mann ○ ○ RC Ishii et al., 2012
Thalassiosira spp. ○ ○ − 　
*Formation of the resting stage cells is unknown.
Open circles denote species (genus) which were observed in the water/PET samples. RS and RC in the column of ‘Type of resting stage cells’ indicate resting spore and resting cell,
respectively.
**Representative references reporting RS/RC.
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Hollibaugh et al. (1981) reported that resting stage cells of three
species of the genus Chaetoceros did not germinate at a light
intensity of 1.3 µmol photons m-2 s-1 or less. Itakura (2000) also
reported that resting stage cells of Ch. didymus could not
germinate under a low light intensity of 0.25 µmol photons m-2

s-1 or less, but could actively do so at a light intensity of 12 µmol
photons m-2 s-1 or over. Furthermore, Imai et al. (1996) revealed
that resting stage cells of Sk. costatum (sl) and Chaetoceros spp.
needed a light intensity of about 4 µmol photons m-2 s-1 or over
for germination/rejuvenation. Since the light during daytime
almost always penetrated to the bottom at intensities > 10 µmol
Frontiers in Marine Science | www.frontiersin.org 10
photons m-2 s-1 throughout the study period at the present
study site and its average intensity during the period of PET
chamber experiments was 27.3 µmol photons m-2 s-1, it should not
be considered that light was a limiting factor on the germination/
rejuvenation of resting stage cells of the diatoms that emerged
in the PET chamber and on the maintenance of the two types
of vegetative cells mentioned above. Therefore, unlike in
deeper seas with lower light intensity, such as the Seto Inland
Sea of Japan (Imai et al., 1996) and the East China Sea (Ishikawa
and Furuya, 2004), where the resting stage cells in the sediment
cannot germinate/rejuvenate unless those cells reach the
FIGURE 7 | Photomicrographs showing representative centric diatoms that emerged in the PET chamber. Actinocyclus sp. (A), Actinoptychus senarius (B),
Bacteriastrum elongatum (C), Biddulphia alternans (D), Cerataulina pelagica (E), Chaetoceros danicus (F), Chaetoceros debilis (G–I), Chaetoceros didymus
(J), Chaetoceros distans (K), Chaetoceros peruvianus (L), Chaetoceros pseudocurvisetus (M), Chaetoceros socialis (N), Corethron pennatum (O), Coscinodiscus
granii (P, Q), Coscinodiscus wailesii (R, S), Ditylum brightwellii (T), Eucampia zodiacus (U), Guinardia delicatula (V), Guinardia striata (W), Leptocylindrus danicus
(X), Lithodesmium variabile (Y), Melosira nummuloides (Z), Rhizosolenia setigera (Aa), Skeletonema sp. (Ab), Stephanopyxis palmeriana (Ac), Thalassiosira spp.
(Ad–Af). In (G), black and white arrows indicate a vegetative cell just after germination and a valve of the resting spore, respectively. Scale bars: 50 µm.
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euphotic layer as a result of mixing of the water column, the
seafloor in a shallow embayment such as Ago Bay could
provide an advantageous environment for diatoms to maintain
Frontiers in Marine Science | www.frontiersin.org 11
their vegetative cells in the flocculent layer on the surface sediment
even if there were no mixing of the water column.
Quantitative Relationships Between Both
the Vegetative Cells in the Water Column
and Those in the PET Chamber
Since the cells that emerged in the PET chamber consisted of
various types of vegetative cells, careful interpretation is
needed to quantitatively compare the relationships between
the abundance of the vegetative cells in the water column and
emergence flux. However, even if it is assumed that all the
vegetative cells in the PET chamber were resuspended into the
water column at the same time, the level of statistical
significance varied depending on the diatom taxa (Table 2).
FIGURE 8 | Temporal changes in the integrated abundance of the vegetative cells in the water column and the emergence flux in the PET chamber for six diatom
taxa at the sampling site in Ago Bay. ND denotes that the cells were not detected. Bars represent standard deviations (+SD).
TABLE 2 | Correlations between the integrated abundance of the vegetative
cells (cells m-2) in the water column and the emergence flux (cells m-2 day-1)
revealed by the Spearman’s rank test.

Species Spearman Significance

Cerataulina pelagica 0.36
Chatoceros debilis 0.50 *
Ch. didymus 0.47 *
Ch. distans 0.41
Leptocylindrus danicus 0.38
Skeletonema spp. 0.76 **
Significance level: *p < 0.05, **p < 0.01.
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Furthermore, several cases of disagreement were found for the
relationships between the abundance of the vegetative cells and
the emergence flux, even for the species (i.e., Ch. debilis and
Ch. didymus) that showed a significant positive relationship.
Namely, there were some cases when a large population of the
vegetative cells occurred in the water column despite small
emergence flux in the PET chamber (e.g., Ch. debilis in July
2007, Ch. didymus in October 2006 and February 2007). This
was true for Skeletonema spp. (e.g., in October and November
2007), although it is necessary to pay attention to the statistical
interpretation of the significant result due to the possibility of
the content of multiple species. As pointed out for the case of
dinoflagellates whose germination rate/flux was monitored
(Ishikawa and Taniguchi, 1996; Ishikawa et al., 2014), these
above considerations demonstrated that the magnitude of the
emergence flux does not determine that of the vegetative
populations in the water column, since the growth of the
vegetative cells is largely dependent on complex factors, such
as water temperature, light intensity, concentration of
nutrients, competition with other phytoplankton species and
predation by zooplankton. Namely, like to cyst-forming
dinoflagellates (e.g., Ishikawa and Taniguchi, 1996; Ishikawa
et al., 2014), the presence of vegetative cells, even in small
numbers, in the water column by recruitment of the vegetative
Frontiers in Marine Science | www.frontiersin.org 12
cells on the surface sediment (flocculent layer) as ‘seeds’ is
important for proliferation of the diatoms at the time
when environmental conditions become favorable for
vegetative growth.

On the seafloor in a shallow embayment, such as Ago Bay,
where the light always penetrates, various types of the vegetative
cells demonstrated above wait for recruitment into the water
column as seeds. This means that the flocculent layer on the
seafloor acts as a ‘refuge and nursery’ for the vegetative
population in the water column.
Life Cycle Strategies of Diatoms in a
Shallow Coastal Waters
It has generally been suggested that the resting stage cells require
resuspension, for their germination/rejuvenation, into the
euphotic layer from the surface sediment by water mixing, as
summarized in Figure 1. However, resuspension might be a
dispensable condition for the cells to germinate/rejuvenate in a
shallow embayment, such as Ago Bay, since the light penetrates
to the seafloor. In addition, even the vegetative cells germinated/
rejuvenated from the surface sediment and/or deposited from the
water column could be alive on the surface sediment, as
mentioned above. Based on this point of view, we propose
three patterns of life cycle strategies for the diatoms in the
bay (Figure 10);

Pattern 1: the resting stage cells, which are resuspended from
the surface sediment into the upper layer where the light
condition is more favorable for their vegetative growth,
germinate/rejuvenate (Figure 10A).

Pattern 2: the resting stage cells germinated/rejuvenated on
the surface sediment remain as the forms of the vegetative
cells in the flocculent layer of the surface sediment, waiting
for the opportunity to be resuspended into the upper
layer (Figure 10B).

Pattern 3: the vegetative cells once deposited from the water
column in the flocculent layer of the surface sediment
remain there until being resuspended into the upper
layer (Figure 10C).

Consequently, the seafloor in a shallow embayment, where
the light penetrates, enables the diatoms to possess not only a
simple life cycle strategy that proceeds from the resting stage
cells to the vegetative cells, but also unique strategies that
proceed from the vegetative cells to the vegetative cells. These
links between the planktonic forms and the benthic forms
might be recognized as complex life cycle strategies of the
diatoms. In conclusion, such complex life cycle strategies could
promote the thriving of the diatoms in the temperate coastal
waters/embayment where the environmental conditions vary
widely throughout the seasons.

Further investigations of the emergence of the diatoms using
the PET chamber are needed to get a better understanding of
their population dynamics in different locations, including deep
sea areas.
A B

D

E F

C

FIGURE 9 | Photomicrographs, as examples, of the diatoms forming long
chains observed in the flocculent layer of the sediment core sample collected
at the PET chamber experiment site in Ago Bay. Chaetoceros affinis (A, B),
Chaetoceros lorenzianus (C), Chaetoceros compressus (D), Bacteriastrum
sp. (E), Skeletonema sp. (F). Scale bars: 50 µm.
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A

B

C

FIGURE 10 | Conceptual diagrams of various life cycle patterns of the centric diatoms. See the text for details of Pattern 1 (A), Pattern 2 (B) and Pattern 3 (C). Solid
and dotted lines indicate the movement (deposition and resuspension, respectively) of the cells between the water column and the surface sediment. White arrows
denote transformations of the cell stage.
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