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Abstract.

To gain basic insights into the marine pelagic diatom species Neodenticula seminae, and partic-

ularly the relationships between morphology, evolution and environment, we conducted a scanning electron
microscopic image analysis using modern specimens collected in the subarctic North Pacific and Bering Sea
during the summers of 1955 and 1996-2003. We recognized an apparent intraspecific variability between
two biogeographic provinces in terms of morphology: (1) the Oyashio Region (in the northwestern margin
of the Pacific Ocean) and (2) other oceanic regions. This variability may reflect spatial variation in the avail-
ability of nutrients such as silicate. Specimens from the Oyashio morphological province had thinly silicified
valves, whereas those from the other oceanic provinces were extraordinarily rich in heavily silicified valves.
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Introduction

Neodenticula seminae (Simonsen and Kanaya)
Akiba and Yanagisawa, 1986 (Figure 1) is a species
of planktonic marine diatom that is distributed
throughout the subarctic North Pacific Ocean and the
high-latitude seas along the margins of this ocean.
This species is generally thought to be limited in its
distribution to the Northern Hemisphere and first
appeared in the fossil record around 2.4 Ma (million
years ago) in the North Pacific Ocean (Simonsen and
Kanaya, 1961; Akiba and Yanagisawa, 1986; Yanagi-
sawa and Akiba, 1990, 1998). It often accounts for
40-50% or even more of the total diatom association
in both the surface waters and the bottom sediments,
particularly in the eastern part of the ocean, where it
is endemic (Figure 2; Karohji, 1959; Kanaya and Koi-
zumi, 1966; Sancetta, 1982; Sancetta and Silvestri,
1986; Takahashi, 1986, 1994). Although N. seminae
has been reported in subtropical gyres in the Indian
Ocean and the North Atlantic, its occurrences there
seem to be quite sporadic and episodic. Semina (1981)
reported fewer than 100 specimens/L from low lati-
tudes in the North Atlantic (29°00'N, 71°16’W), in
contrast with up to 3.3 x 107 specimens/L in surface

Downloaded From: https://bioone.org/journals/Paleontological-Research on 04 Apr 2025
Terms of Use: https://bioone.org/terms-of-use

seawaters from the subarctic North Pacific Ocean and
its surrounding seas.

Given that the northern areas of the North Pacific
Ocean and the surrounding seas have one of the
greatest primary productivities in the world and that
the phytobiota of this region serve as an efficient bio-
logical pump that drives nutrient cycling (Honjo, 1997;
Honda, 2002), this predominant diatom species is
likely to play a crucial role in the ocean-scale ecosys-
tem and in biogeochemical cycles in these subarctic
seas. In spite of this organism’s importance, basic
information on the species is quite limited because
specimens can be difficult to obtain from their pelagic
habitat. Thus, in the present paper, we perform more
detailed spatial investigations to determine morpho-
logical variability in the species and provide basic in-
sights into the ecological (physiological) and possible
evolutionary relationships between morphology and
environment.

The basionym originally given to the species was
Denticula seminae for a dead specimen obtained from
a surface sediment sample in the western part of the
Bering Sea (Simonsen and Kanaya, 1961). No type
specification (i.e., no holotype description) has ever
been properly carried out for this species (but see
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Figure 1. a-h. Scanning electron micrographs of the valvar appearance of various specimens of Neodenticula seminae. Note that the
degree of silicification should be reflected in the morphology of the basal ridge. Specimens are from OS St. 88 (a), OS St. 33 (b), OS St. 50
(c), OS St. 88 (d), OS St. 17 (e), OS, St. 94 (f), OS St. 88 (g) and OS St. 94 (h), respectively.

Semina, 1956; Simonsen and Kanaya, 1961; Akiba and
Yanagisawa, 1986; Yanagisawa and Akiba, 1990).

Recently, we discovered significant morphological
differences between the specimens obtained from the
water columns of the northwestern Pacific margin and
the central Bering Sea (Shimada et al., 2003) in terms
of readily apparent thinly silicified basal ridges, an in-
ternal valvar structure. In the present paper, we report
spatially extended results on the variability in the in-
ternal valvar morphology of the species using supple-
mentary plankton net and surface water materials col-
lected during the summers (June to August) of 1955
and 2003.

Material and methods

For the present study, we utilized plankton net sam-
ples taken during cruises of the 1955 NORPAC Ex-
pedition of the Oshoro-maru operated by Hokkaido
University, and during the GHO3 expedition of the
Hakurei-maru No. 2, operated by the Geological Sur-
vey of Japan. We performed an image analysis of these
materials and of those used in Shimada et al. (2003),
for a total of 1525 valve specimens from 29 stations,
widely distributed in the subarctic North Pacific Ocean
and the Bering Sea (Table 1, Figure 3). In the NOR-
PAC samples, contributed by Dr. Taro Kanaya to
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the National Science Museum in Tokyo, the siliceous
shells of the microorganisms were well preserved.

As described in our previous work (Shimada et al.,
2003), all the samples collected during each cruise
were filtered onto a membrane (HAWP04700, Milli-
pore Co.) in appropriate concentration to recognize
the important valve structures of the species, and
prepared for observation with a scanning electron
microscope (SEM). All valve specimens from each
station were digitally photographed using the SEM
(JEMS5310, JEOL at the National Science Museum,
Tokyo; S-2250N, Hitachi, at Hokkaido University)
with an appropriate magnification: 2000x or 3500x.
We performed a scaling calibration between the two
SEMs before compiling the dataset. Subsequently,
we biometrically analyzed the micrographs using the
NIH Imagel.62 software (http://rsb.info.nih.gov/nih-
image/). We chose the most easily quantifiable charac-
teristics of the internal valve morphology for our anal-
ysis and focused on the following morphometrics in
our statistical analysis: the apical and transapical di-
mensions of the valve (Va and Vr) and of the central
foramen (Fa and Ft) and basal ridge (Ba and Bt),
the number of foramina per valve (Nf), and the width
of the deck (D) (Figure 4). We also standardized the
dimensions of Bt and D as Bt' (= Bt/Vt) and D’
(= D|Vt), respectively, to support a more through
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Figure 2.

a. Percentage abundance of Neodenticula seminae in the total diatom assemblage in the plankton net samples that were

analyzed in this study. These were taken during the NORPAC Expedition of the Oshoro-maru, 1955. Data after Karohji (1959). b. Per-
centage abundance of the species in the total diatom thanatocoenoses in the surface sediments (Kanaya and Koizumi, 1966).

morphometric investigation. During the image anal-
ysis, we excluded specimens with extraordinarily thin
or entirely absent basal ridges, which would have pre-
vented differentiation of the primary and secondary
pseudosepta. Because the morphology of the foramina
and basal ridges vary relatively little within a valve, we
chose the larger one located in the central part as the
representative sample for our measurements.

We grouped the sample stations geographically
into five oceanic provinces based on Taniguchi (1999)
which dealt with the hydrographic properties in the
subarctic North Pacific and the Bering Sea: (1) the
region around the subarctic Oyashio Current (OR),
in the northwestern Pacific margin; (2) the western
subarctic gyre (WSG); (3) the Bering Basin (BB);
(4) the Gulf of Alaska (GA); and (5) the central gyre
of the subarctic Pacific, south of the Aleutian Arc
(SA).
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Results

Neodenticula seminae exhibited great variability in
its internal morphology in the samples examined from
the North Pacific and the Bering Sea (Figure 1). We
provide descriptive statistics for the biometric mea-
surements as an overview of the differences among
each population in Table 2. Apical and transapical
valve lengths (Va and Vi) for the 1525 specimens
ranged from 8.2 to 47.0 and 4.3 to 11.6 um, respec-
tively. The data for Va appear somewhat skewed
toward lower values and those for V¢ appear skewed
toward higher values compared with previous values
obtained by light microscopy (10 to 60 um for Va and
4 to 9 um for V¢; Simonsen and Kanaya, 1961; Yanagi-
sawa and Akiba, 1990). This is probably because our
SEM observations allowed a greater number of intact
specimens measured.
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Table 1. Profiles of the samples collected at each station. OR, Oyashio Region; WSG, Western Subarctic Gyre; BB, Bering Basin; GA,
Gulf of Alaska; SA, South of the Aleutians. “Surface” indicates samples to a depth of several meters below the sea surface. Serial numbers
given in the right column correspond to those used in all figures.

Mesh
Latitude apperture ~ Wire out
No. Cruise Station ~ Province N) Longitude Date (pm) (m) Haul
1 GHO03 102 OR 42°22' 144°44'E June 9, 2003 10 200 Vertical
2 GHO03 105 OR 42°48' 144°22'E June 3, 2003 10 200 Vertical
3 KT96-16 MC14 OR 41°06’ 143°06’'E September 5, 1996 — 100-200 —
4 HO71 36 OR 40°15’ 154°59'E June 9, 1996 — 75-250 —
5 HO71 38 OR 41°45' 155°00'E June 10, 1996 — 75-250 —
6 HO71 40 OR 43°15’ 154°59'E June 11, 1996 — 200-250 —
7 NORPAC (OS) 4 OR 44°06’ 150°10’ E June 23, 1955 94 Surface Horizontal
8 NORPAC (0OS) 5 OR 44°22' 151°50'E June 24, 1955 94 Surface Horizontal
9 NORPAC (OS) 94 OR 42°57' 163°57'E August 24, 1955 94 Surface Horizontal
10 NORPAC (OS) 100 OR 42045’ 149°35'E August 24, 1955 94 Surface Horizontal
11 NORPAC (0OS) 14 WSG 53°01’ 166°00’' E June 29, 1955 112 50 Vertical
12 NORPAC (0OS) 17 WSG 53°02' 172°00' E July 1, 1955 112 50 Vertical
13 NORPAC (OS) 30 WSG 53°10’ 175°24'E July 8, 1955 112 50 Vertical
14 NORPAC (0OS) 31 WSG 52°50' 176°56' E July 9, 1955 112 50 Vertical
15 NORPAC (0OS) 33 WSG 52°30’ 178°54'E July 9, 1955 112 50 Vertical
16 NORPAC (0OS) 34 WSG 53°14/ 178°40' E July 10, 1955 112 50 Vertical
17 NORPAC (OS) 39 BB 57°00’ 178°58'W  July 11, 1955 112 50 Vertical
18 NORPAC (0OS) 26 BB 58°30/ 173°15'E July 6, 1955 112 50 Vertical
19 KH97-2 9 BB 57°26’ 179°53' W July 27, 1997 — 50-200 —
20 NORPAC (0OS) 50 GA 52°58' 162°19' W July 21, 1955 94 Surface Horizontal
21 NORPAC (0OS) 54 GA 53°13’ 151°06’W  July 23, 1955 94 Surface Horizontal
22 NORPAC (OS) 55 GA 52°06’ 147°56’W  July 23, 1955 94 Surface Horizontal
23 NORPAC (0OS) 56 GA 52°01’ 145°02'W  July 24, 1955 94 Surface Horizontal
24 NORPAC (OS) 67 SA 48°48' 131°50’W  August 10, 1955 94 Surface Horizontal
25 NORPAC (OS) 70 SA 48°38’ 139°28'W  August 11, 1955 94 Surface Horizontal
26 NORPAC (OS) 73 SA 47°56' 146°05’W  August 13, 1955 94 Surface Horizontal
27 NORPAC (OS) 79 SA 45°31' 159°59'W  August 16, 1955 94 Surface Horizontal
28 NORPAC (0OS) 82 SA 44°13’ 166°36’'W  August 17, 1955 94 Surface Horizontal
29 NORPAC (OS) 88 SA 43°08’ 178°21'E August 20, 1955 94 Surface Horizontal
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Figure 3. Sources of materials analyzed in the present study: OR, Oyashio Region; WSG, Western Subarctic Gyre; BB, Bering
Basin; GA, Gulf of Alaska; SA, South of the Aleutians. Groups were based on Taniguchi (1999). See Table 1 for detailed profiles of
the stations and samples identified by the sample numbers given in the Figure.
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Figure 4. Morphometric dimensions of the intervalvar anatomy of Neodenticula seminae. a. Schematic illustration of a theca (part of
a frustule). b. Morphometric dimensions assessed in our digital measurements of the SEM micrographs.

Table 2. Basic statistics for Neodenticula seminae valve morphometrics in the five study populations. V, valve; F, foramen; B, basal ridge;
a, apical; ¢, transapical; Nf, no. of foramina in a valve. Valves represent mean + S.D.

Mean + S.D. (um)

No. Province No. valves Va Vit Fa Ft Ba Bt Nf
1 OR 52 23.54 + 6.48 7374046 5244188 5854066 0394018 4.46 +0.65 4.19 +0.97
2 OR 53 2543 +6.34 729 4067 484+154 527 +0095 0534023 4504088 4.77 +£1.07
3 OR 16 20.59 + 4.85 639+ 1.12 3.87+1.18 4.11+1.26 1.04 +£0.45 352+ 1.16 4.50 +0.97
4 OR 39 23.65 + 4.63 6.65+1.10 3.58 +1.33 3554+1.06 1.204+050 3224090 505+1.12
5 OR 18 25.09 + 3.97 645+092 410+1.19 3.51 +£0.65 1.16 £ 042  3.04 £0.64 494 +0.87
6 OR 24 24.66 + 4.28 6.75+086 412+154 4.06+1.07 0.99+048 3.45+090 521 +1.36
7 OR 51 23.52 +5.24 6.65+0.74 2.73+£096  3.30 +0.89 1284047 3.1940.67 5574133
8 OR 29 24.72 +£5.27 7134090 3.61 £1.52 4.05+0095 1.01 £0.52 3724086 528 +1.46
9 OR 50 19.82 +5.30 587+072 318+ 1.14 339 +0.75 0.99 + 0.51 297 +£0.68 4.76 +1.56
10 OR 53 14.59 +2.02 632+ 047 2.63+128 347 +0.82 1.08 +£0.52 2.954+0.76 3.74 + 0.84
11 WSG 61 2723 +4.52 714 +£080 344 +124 408 +1.20 1.084+0.54 3744092 5.64+1.20
12 WSG 52 20.33 + 3.65 6.74 +0.67 338+ 1.14 3.80+1.05 1194060 3514082 438+4+0.77
13 WSG 51 22.02 +5.21 6.55+0.77 3.08 +1.08 3.33 +0.74 132 4+0.55 3.04 +0.58 5.04 +1.37
14 WSG 60 22.00 + 4.37 6.62+064 341+152 3.62+1.03 1434063 3304+084 4.68+1.17
15 WSG 13 21.20 +5.37 624 +£0.70 2.52+0.89 2.85+0.82 1.71 £ 055 2734+£0.62 4.69+1.03
16 WSG 57 22.35 +4.38 635+074 275+0.84 293 +0.66 1.624+042 2844054 5214+1.08
17 BB 54 22.09 + 4.91 620+ 0.77 3.09+1.13 3.20 +£0.95 1.24 4+ 0.61 2.88+0.74 513 +1.24
18 BB 55 25.25 +4.54 6.80 +0.77 3.36+098 3.51 +0.81 1.354+047 3234+0.57 535+ 1.11
19 BB 221 21.59 + 3.62 6.55+0.77 2.79+0.80 3.08 +£0.53 1.50 +£0.37 272 +0.47 5.13 +1.05
20 GA 50 14.64 +2.23 5.80+ 053  2.68 +0.97 3334083 0924052 278+0.74 3.90 +0.79
21 GA 56 15.65 +2.80 642 +055 281 +1.19 3.59+0.83 122 4+0.53  3.034+0.87 3.79 £ 0.82
22 GA 51 16.09 + 2.17 6.594+0.70 2.65+120 3494092 1194042 3.094+092 390+ 0.81
23 GA 50 16.19 + 4.60 6.39 +£0.62 256 +1.00 3.25 +0.67 1.20 + 0.41 2.98 + 0.61 4.04 +1.16
24 SA 52 21.17 + 4.78 6.62 +0.85 2.87 +0.81 3.29 +0.66 1.404+042 3134054 4944135
25 SA 50 21.93 +11.36 570 +1.17 2.89+1.18 3.04 +£0.88 124 +£0.55 279 +£0.67 5.54 +£2.97
26 SA 51 16.83 + 6.18 5504069 2594072 2.844+0.50 123 +045 238+0.46 439+ 1.77
27 SA 50 15.15 4+ 5.89 6.17 £0.63  2.47 + 0091 3.44 +0.89 1.09 +£0.50  3.02 4+ 0.81 3.78 +£1.20
28 SA 54 16.89 + 4.49 6.29 + 0.61 2.90 +1.13 3.34 4+ 0.69 1194048 2894058 4.07+1.21
29 SA 52 26.30 +10.00 6.30+0.89 2.60+0.94 3.124+0.98 120 +£049 293 4+0.76  6.63 +2.89

Based on these internal valvar structures, the data
obtained in the present study strongly support our
previously reported results (Shimada et al., 2003).
When we concentrated on the basal ridge morphol-
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ogy, we noted that its appearance varied dramatically
among specimens (Figure 1). The specimens obtained
from samples in the OR province tended to possess
more delicate basal ridges (less elongated apically
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Table 3. Correlation matrix among the measured parameters. V, valve; F, foramen; B, basal ridge; a, apical; ¢, transapical; Nf, no. of

foramina in a valve.

Va Vi Fa Ft Ba Bt Nf D Bt’ D’ Ba/Bt'

Va 1 — — — — — — — — — —
Vi 0.43 1 — — — — — — — — —
Fa 0.23 0.26 1 — — — — — — — —
Ft 0.13 0.56 0.64 1 — — — — — — —
Ba 0.05 —-0.23 —0.49 —0.74 1 — — — — — —
Bt 0.23 0.61 0.59 0.90 —0.66 1 — — — — —
Nf 0.75 0.26 —0.20 —0.14 0.14 —0.05 1 — — — —
D 0.22 0.44 —-0.38 -0.39 0.49 —0.45 0.35 1 — — —
Bt’ 0.03 0.16 0.57 0.78 —0.69 0.88 —-0.21 —0.81 1 — —
D’ —-0.03 —-0.16 -0.57 —0.78 0.69 —0.88 0.21 0.81 -1 1 —
Ba|Bt' 0.02 —0.22 —0.49 —0.75 0.96 —-0.73 0.14 0.58 —-0.79 0.79 1

and wider transapically). Specimens with considerably
larger foramina and thinner basal ridges (i.e., different
morphs) were predominantly found in samples from
the stations in the OR region around the subarctic
Oyashio Current off northern Japan, in the north-
western Pacific (see Table 2 for the data for sites 1
and 2, which correspond to stations 102 and 105 in
the GHO3 survey).

We paid great attention to the Ba/Bt' ratio, which
we have introduced here because it seems to be the
most visually recognizable parameter. Note that inter-
valvar dimensions correlate well with each other
(Table 3). Considering the appearance of the deck, it is
apparent that D also reflects width, that is, robustness
of the valvocopula, one of the cingulum structures of
the species’ frustule (Figure 4). This fact strongly sug-
gests that the Ba/Bt’ ratio could serve as an index of
the overall level of silicification of the frustule. There-
fore, it appears reasonable to adopt Ba/Bt’, which re-
flects the appearance of the basal ridge, as an index of
the degree of silicification of the whole cell in this spe-
cies. We also noticed a clear bimodal distribution in
Ba/Bt' (Figure 5), which highlights the difference in
morphology of the basal ridges between the OR speci-
mens and those from the other provinces (Figure 6).

This newly obtained data for the parameters of each
population strongly supports the results of Shimada et
al. (2003) and suggests a spatial (geographic) bias in
basal ridge morphology (i.e., regional variation in the
degree of silicification of the valves). These results
also suggest the existence of at least two morpholog-
ical provinces: (1) one in the margin of the north-
western Pacific, roughly west of 160°E and south of
the westernmost part of the Aleutian Arc (ca. 55°N),
which corresponds to the OR province; and (2) an en-
semble of the rest of the oceanic provinces in the sub-
arctic oceans. However, the details of this morpholog-
ical variability are unknown because few specimens of
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the species in the NORPAC samples were collected
off the eastern end of the Kurile Arc and inside the
Okhotsk and Japan Seas.

Discussion

What factors are responsible for the observed geo-
graphic variability in diatom morphology? In general,
the ratios of elements in a diatom cell seem to be both
species specific and dependent on temperature, salin-
ity, light intensity, availability of macro- and micro-
nutrients, and the life history and size of the cell
(Brzezinski, 1985). In addition, it has been proposed
that an undamaged diatom cell will typically have an
intracellular Si: N ratio (molar basis) of approximately
1:1, despite strong control by the above-mentioned
environmental properties (Brzezinski, 1985). How-
ever, it has also been proposed that cells growing un-
der certain stresses, such as an iron deficiency, will
increase that ratio (Takeda, 1998).

Empirically, more thinly silicified or smaller diatoms
have been observed in natural populations during phy-
toplankton blooms that progressively develop a silicate
limitation (Darley, 1982). Harrison et al. (1977) also re-
ported that Skeletonema costatum reduced its intracel-
lular Si content under silicate-limited conditions. Of
the several macronutrients in the ocean, nitrate and
phosphate are used by all phytoplanktonic organisms.
However, silicates are essential only for siliceous-
shelled phytobiotic taxa such as the Bacillariophyceae
(diatoms) and some Chrysophyceae (Parmales and
Dictyochales), even though nitrate and phosphate are
also important for certain vital activities such as meta-
bolic and organelle functions. Since silicate is crucial
for siliceous microorganisms to form rigid shells, its
availability might have a more direct impact on dia-
tom silicification and thus on frustule morphology.
Therefore, we focused on spatial (geographical) varia-
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Figure 6. Histogram of the Ba/Bt’' ratio for all specimens other than those from the OR province and for specimens only from the
OR province. Note that a clear threshold is recognizable. V, valve; F, foramen; B, basal ridge; a, apical; ¢, transapical; Nf, no. of foramina in

a valve; Bt’, standardized value of Bt.

tions in silicate availability and in related factors to ex-
amine the relationship between N. seminae morphol-
ogy and environmental variability. Unfortunately, we
had difficulty obtaining some of this data because our
study included historical samples taken five decades
ago. As a result, we examine and discuss the back-
ground for this morphological diversity based on the
statistical climatic information for some environmen-
tal variables obtained from the on-line database
(World Ocean Atlas 2001; http://iridl.Ideo.columbia
.edu/SOURCES/NOAA/.NODC/.WOAO01)).

Most of the material analyzed in our study was re-
covered during the summer (except for the sample
with serial number 3, from the KT96-16 cruise at sta-
tion MC14, which was taken in early September).
Clearly, it is important to understand the seasonal dy-
namics of nutrient availability in the subarctic North
Pacific. For the Oyashio Region (OR), in situ oceano-
graphic observations were made for 8 years (1990-
1998) by the Hokkaido National Fisheries Research
Institute (Saito et al., 1998; Kasai et al., 2001; Saito
et al., 2002). According to their observations, the re-
gion around the Oyashio Current represents one of
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the most fertile areas in the world’s oceans, with the
greatest level of primary productivity mainly contrib-
uted by diatoms. In general, higher concentrations
of nutrients are brought to the surface from deeper
layers by vertical mixing during the winter and early
spring. Silicate levels are estimated to reach 50 pmol/
L, which is comparable to levels recorded in the
Southern Ocean (Saito et al., 2002). Even though sili-
cate levels may vary temporally and spatially, concen-
trations of this nutrient in surface waters in January
and March are reported to shift to the same degree in
both months or reach a maximum in March, suggest-
ing that the nutrient supply remains high just before
the spring phytoplankton bloom. Subsequently, as the
phytoplankton bloom begins and expands, concentra-
tions of nutrients in the surface water decrease, ac-
companied by increasing chlorophyll concentrations.
This eventually results in a deficiency in both silicate
and nitrate at many stations from June to August,
when stratification of the surface water develops.
Accordingly, specimens from the OR province (the
northwestern Pacific) in our study can be assumed
to have developed during the spring phytoplankton
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Figure 7. Spatial distribution of summer silicate concentrations. Illustrated by Ocean Data View (http://www.awi-bremerhaven.de/

GEO/ODV)).

bloom, then subsequently grown in waters with a low
concentration and availability of nutrients. This con-
trasts with the less pronounced seasonality in nutrient
and plankton dynamics in the pelagic provinces of
the subarctic Pacific Ocean (Banse and English, 1999;
Harrison et al., 1999). Unfortunately, this difference
makes it somewhat difficult to strictly specify the tim-
ing for when the specimens we analyzed were pro-
duced. According to time-series sediment trap experi-
ments carried out in the subarctic Pacific and the
southern Bering Sea, higher productivity is reported
from March to October, with spring phytoplankton
blooms unstable in both their timing and magnitude
(Takahashi et al., 2002).

Nonetheless, average silicate concentrations in the
surface layer in the oceanic provinces of the subarctic
North Pacific and the Bering Sea during the summer
indicate weaker seasonality than is the case in the
Northwestern Pacific margin. This is illustrated by
Ocean Data View (http://www.awi-bremerhaven.de/
GEO/ODV/) and WOAUOL1. Seasonal variations in nu-
trient (nitrate and silicate) concentrations in the Gulf
of Alaska, for example, represent changes that are 2.6
and 2.8 times, respectively, the magnitudes of the cor-
responding changes for the Oyashio Region (Whitney
and Freeland, 1999; Saito et al., 2002). Furthermore, in
the Gulf of Alaska, the observed silicate concentra-
tions reach at least 12 to 13 pmol/L even in July and
August; these levels are higher than those in the Oya-
shio Region during the summer (Figure 7, Whitney
and Freeland, 1999). Therefore, we assume specimens
collected from oceanic provinces outside the Oyashio
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Region were produced in ambient water richer in sili-
cate than the waters in the Oyashio Region. This sug-
gests a good agreement between the observed mor-
phological provinces (i.e., the degree of silicification of
Neodenticula seminae valves) and silicate availability.

Furthermore, organisms in the Parmales, which pos-
sess small siliceous shells in cells that are several mi-
crons long, may compete with diatoms for silicate
(Narita, personal communication). Recently, impor-
tant aspects of the nutrient and plankton dynamics of
that taxon have been identified and used to account
for its predominant abundances in the phytoplankton
associations in the subarctic Pacific. Some in situ ob-
servations have revealed more predominant standing
stocks of Parmales than had been expected off the
Kurile Arc in the northwestern Pacific (Jordan et al.,
2003), while the standing stocks of the taxon examined
along a transoceanic traverse though the subarctic Pa-
cific were distinctively higher in the northwestern part,
at least in summer (Tanimoto et al., 2003).

Based on all the above-mentioned data, the spatial
distribution of properties that may affect silicate avail-
ability for diatoms seem to correspond with the ob-
served degree of silicification of N. seminae. This em-
pirical approach should be reasonable to account for
silicate availability when considering the important
factors that affect diatom morphology (silicification).

In high-nutrient, low-chlorophyll (HNLC) oceanic
provinces, where iron limitations become more
severe as the summer progresses, the uptake ratio
Si(OH)4:NO; is higher (between ca. 2:1 and 3:1)
than in non-HNLC provinces, suggesting the possi-
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bility that thicker (more heavily silicified) diatom
cells will be produced under such conditions (Takeda,
1998). The primary source of iron input into such oce-
anic provinces in the subarctic North Pacific and Be-
ring Sea has been assumed to be terrigenous transport
(Harrison et al., 1999). In fact, mathematical simula-
tions have suggested that the higher iron concentra-
tion available for use by phytoplankton in the western
part of the subarctic North Pacific, the Okhotsk and
Japan Seas, and the western Bering Sea resulted from
inputs originating in the central Asian continental
deserts (Duce and Tindale, 1991). Thus, a relatively
good agreement between the spatial distribution of
N. seminae’s morphological characteristics and nutri-
ent (silicate) availability is apparent, and this strongly
suggests that nutrient (silicate, iron, or both) availabil-
ity is one of the potential factors that influences the
degree of silicification of a species.

Note that a lower probability of a low-temperature
dependence for silicification has also been suggested.
Lower water temperatures increased silicification of
the oceanic diatom Thalassiosira tumida in the South-
ern Ocean, based on the results of in vitro experiments
(Fryxell, 1988). Our results agree with this finding to a
limited extent.

Conclusions

Prior to this study, almost no information existed re-
garding spatial variability in the morphological char-
acteristics of pelagic planktonic diatoms. We investi-
gated the morphology of Neodenticula seminae, with
a particular focus on internal microstructure that re-
flects skeletal silicification, using summer populations
distributed widely throughout the subarctic North Pa-
cific and the Bering Sea. We found that the Oyashio
Region, which lies west of approximately 160°E in
the northwestern Pacific margin, yielded more thinly
silicified specimens with morphologically distinct char-
acteristics compared with specimens from other prov-
inces in the subarctic Pacific. The other oceanic prov-
inces showed more morphologically homogeneous
characteristics, and specimens tended to be more ro-
bust and heavily silicified. This suggests the existence
of at least two distinct morphological provinces for N.
seminae.

There is partly some evidence that spatial variation
in nutrient (silicate and iron) availability may be re-
sponsible for this variation. However, additional in-
vestigations of other taxa at large spatial scales would
be necessary to determine whether a species-specific
effect exists. A description of the relationships be-
tween diatom morphology and various environmental
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factors using materials from time-series sediment trap
experiments would also provide effective information
(Shimada, unpublished data).

Because it is difficult to precisely determine the re-
lationship between the morphology of most organisms
and environmental factors, we should also consider the
possibility of a synergistic effect between additional
factors for N. seminae. At this time, unfortunately,
little is so far known about the effect of salinity and
other macronutrients, such as nitrate and phosphate.
Therefore, it is also required to clarify the role of
those factors in the species silicification.

For planktonic microorganisms, long distances be-
tween populations could represent a barrier to gene
exchange (Norris, 2000). If such conditions continued
over evolutionarily significant (geological or much
shorter) time intervals, some gene pools that vary in
their control of frustule morphology might have
emerged in the different oceanic provinces. Also, it is
implied that the degree of silicification might be re-
lated to a certain ecological and/or evolutional strat-
egy, such as competition against predators. Thus,
the observed morphological variability in N. seminae
could provide a key to understanding the interactions
between the evolutionary strategies of phytoplankton
and global environmental change.
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