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ABSTRACT: Diatoms are encased within sophisticated stable lightweight silica cell walls. These
frustules have the potential to protect the algal cell against the feeding tools of their most abun-
dant metazoan predators, the copepods. We examined the mechanical strengths of the 3 North
Sea diatom species Actinoptychus senarius, Thalassiosira punctigera and Coscinodiscus wailesii
and their effect on feeding efficiency of copepods. (1) We determined the stability of the diatoms
by means of ‘micro-crush-tests’ performed in the laboratory with calibrated microneedles. (2) In
feeding experiments, we compared the ability and efficiency of the 3 North Sea copepod species
Temora longicornis, Centropages hamatus and Acartia clausi to crush frustules. The results
showed a remarkable correlation between mechanical properties and size of diatom frustules and
feeding success of the copepods. The weakly silicified diatom T. punctigera was the least stable
and best fed upon, whilst having the highest growth rate. The diatoms having the most complex
frustule, A. senarius, exhibited the greatest stability, whilst being fed upon least. The largest
diatom, C. wailesii, was partially protected by its size, but was nonetheless suitable as prey for the
large copepods that, in the case of C. hamatus, seem to have developed special feeding tech-
niques to overcome the size-mediated protection.

KEY WORDS: Diatoms - Copepods - Frustules - Functional morphology - Feeding experiments -
Mechanical protection - Co-evolution

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Diatoms are unicellular algae, which contribute
~40 to 45% to marine primary production (Mann
1999) and strongly influence carbon and material
fluxes in oceans (e.g. Smetacek 1999, Armbrust
2009). Furthermore, their most important grazers, the
copepods, play an important role in such processes as
they transfer diatom biomass to higher trophic levels
and particulate matter, nutrients and carbon to the
microbial loop, the deep sea, or even the sea floor.
This transfer can take place either by sloppy feeding
(Mgller 2005) or faecal pellets (e.g. Turner & Ferrante
1979, Bathmann et al. 1990, Gonzalez & Smetacek
1994, Smetacek 1999, Beaumont et al. 2002).
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Prey organisms always develop defensive tech-
niques, passive or active, chemical or structural to
prevent being penetrated or grazed on. This applies
to higher plants (Herms & Mattson 1992, Moersch-
bacher & Mendgen 2000, Boege & Marquis 2005,
Agrawal 2007, Hanley et al. 2007) as well as to
macro-algae (Hay & Fenical 1988, van Alstyne et al.
2001, Wright et al. 2004). The diatom's chemical
defences have been discussed, e.g. by Pohnert
(2000), Wolfe (2000), Paffenhofer (2002) and lanora
et al. (2004) and have been shown to act indirectly
and often with a time lag. In this work, we analyse
the first line of defence, the mechanical protection
provided by the silicified cell walls of diatoms, the
frustules.
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The frustules of diatoms are very complex con-
structions. They consist mainly but not exclusively of
amorphous silica and include silaffins, polyamines,
frustulines, lipids and polysaccharides (Crawford et
al. 2001, Falciatore & Bowler 2002, Sumper & Kroger
2004, Frigeri et al. 2006, Sumper & Brunner 2008).

In microscopic analysis, uncountable features re-
sembling modern stable lightweight structures are
found in the diatom's frustules (Hamm 2005, Hamm
& Smetacek 2007). So both the material and the
structure of diatoms contribute to their considerable
strength. Besides the common structural design that
all diatoms share (2 thecae overlapping each other to
form an enclosure for the cell), the complexity in
detail and the diversity of species is enormous and
raises the question how and why these innumerable
different features evolved.

An explanation can be found in an extended niches
theory where predators graze on the inhabiting spe-
cies. In a copepod-diatom co-evolution, the cope-
pods adopt and evolve their feeding tools (Itoh 1970,
Michels & Schnack-Schiel 2005, Michels et al. 2012),
whilst the diatoms modify and evolve their protecting
frustules, ending in an arms race (Smetacek 2001,
Hamm 2005, Hamm & Smetacek 2007). This arms
race changes the existing niches or even creates new
ones, constantly fuelling evolutionary processes (van
Valen 1973, Stenseth & Smith 1984, Laland et al.
1999, Pearson 2001, Rausher 2001, Suzuki & Arita
2005, Laland & Boogert 2010).

The functional morphology of the feeding tools and
feeding behaviour of copepods have been intensely
studied in the present and past centuries, changing
from a traditional view of copepods as pure filter feed-
ers (Storch & Pfisterer 1925, Cannon 1928) to selective
feeders with the ability to adapt their feeding mode to
the prey (e.g. Schnack 1989, Kierboe et al. 1996).
Technical advancements, especially the use of high-
speed cameras, visualized the ability of copepods to
detect and handle diatom cells with their feeding ap-
pendages in a 3-dimensional flow field (Bundy & Van-
derploeg 2002, Malkiel et al. 2003, Koehl 2004). The
connection of the feeding tools’ morphologies with
physical properties of the preferred prey organisms
has been investigated in several publications since
the 1960s (Masateru & Omori 1963, Itoh 1970, Turner
1978) and still spawns new results (Michels et al.
2012). On the other hand, studies on the significance
of diatom frustules as armour against predators or me-
chanical environmental stresses are scarce in recent
and past literature. The function of the diatom
frustule, besides that of a boundary layer between
surrounding medium and cell content (e.g. Round et

al. 1990, Hale & Mitchell 2001), is poorly understood.
The analyses of micro- and nanostructured details (De
Stefano et al. 2009), the description of internal stiffen-
ing elements to stabilize and protect the frustule
against mechanical stresses (De Stefano et al. 2003)
and studies on the protective function of the frustule
against parasitoid protists (Kihn 1997) are instructive
but lack a quantitative dimension.

In 1838, Christian Gottfried Ehrenberg described
the frustule as a type of armour for diatoms (Ehren-
berg 1838), thus implicating a protective function.
Our work aims at the quantification of that protective
function by postulating 3 hypotheses: (1) The armour-
ing qualities of selected diatom species influence the
feeding success of selected copepod species. (2) The
mechanical protection of the diatom frustule ex-
cludes certain predators. (3) The feeding success of
copepods is a function of the mechanical strength of
diatom frustules.

In this work we examined these questions by
means of feeding experiments conducted with cope-
pods and diatom species that occur in the North Sea,
and compared our findings with micro-crush tests in
vitro with the same diatom species.

MATERIALS AND METHODS
Diatom cultures

Three monospecific cell cultures of the North Sea
diatoms Thalassiosira punctigera, Coscinodiscus
wailesii and Actinoptychus senarius were grown in
172 medium according to Guillard & Ryther (1962) in
a 14 h light:10 h dark cycle, with light intensities of
350 pmol m™2 s7! at a temperature of 15°C.

Crush tests

The tests were performed using 2 MPC-285 micro-
manipulators controlled by a ROE-200 controller unit
(Sutter Instruments) equipped with 1 calibrated glass
pipette for the force measurements and 1 uncali-
brated pipette for the alignment of the specimen. For
the force measurements, 9 microneedles were pre-
pared by a P-97 micropipette puller (Sutter Instru-
ments) by heating and pulling borosilicate glass
pipettes of 100 mm length (outer diameter 1.0 mm,
inner diameter 0.5 mm). The manufactured needles
were bent in an angle of ~22° using a deFonbrune
Microforge (H. Sauer) to fit the microscope set-up.
The microneedles were subsequently calibrated by
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pressing their tips onto an AFM cantilever tip
(NSC16/AIBS, pMasch) with a known spring constant
of 45 N m™!. The spring constant (D) is defined by:

D = F/AL (1)

where Fis the force (N) and AL is the deflection (m).
The deflection of the tips is linear-proportional to the
applied forces and allows the determination of the
spring constants for the manufactured microneedles
and, subsequently, the force that they exerted on the
diatoms in the experiments. Needles with spring con-
stants between 1 and 15 N m™! were prepared. Nee-
dles with lower values were not able to break the
diatoms' frustules, and higher spring constants re-
sulted in needles too stiff to determine deflections in
the experiments.

For the actual measurements, 1 diatom at a time
was led and aligned to an edge formed by 2 cover-
slips (Fig. 1a), glued on top of each other and pressed
against that edge with the calibrated microneedle.
The process was filmed by a FASTCAM-X 1024 PCI
high-speed camera (Photron Ltd.) at 1000 frames s7},
with a resolution of 1024 x 1024 pixel. The deflection
of the microneedle was measured on a still frame
captured at the moment of breakage.

The diatom samples were crushed in 3 different
orientations (Fig. 1b-d).
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Fig. 1. (a) Experimental setup for the micro-crush tests.
(b—d) Alignments of the diatom cells in the crush tests: (b)
girdleband, (c) lateral, (d) valve

Feeding experiments

The same cultures of Actinoptychus senarius, Tha-
lassiosira punctigera and Coscinodiscus wailesii from
which diatoms were used for the crush tests were
also utilized for the feeding experiments. Prior to the
experiments, the cultures were transferred into 10 1
Nalgene bottles and allowed to grow for 2 wk.

In April 2009, 3 copepod species were collected
with plankton nets at the permanent sampling sta-
tion Helgoland Roads (54°11'N, 7°54'E): Temora
longicornis and Centropages hamatus (500 pm mesh)
and the smaller species, Acartia clausi (280 pm).
A. clausi, T. longicornis and C. hamatus are very
common, even dominant calanoid copepods in the
North Sea, predominantly occurring in surface wa-
ters (Hickel 1975, Fransz et al. 1991). T. longicornis
and A. clausi are present all year round at Helgoland
Roads (Halsband & Hirche 2001, Halsband-Lenk et
al. 2004). In contrast, C. hamatus is present only from
March to November, with highest abundances from
June to August.

The prosome lengths of female Temora longicornis
range from 726 to 1360 pm, with the largest individu-
als in spring. Prosome length of adult female Cen-
tropages hamatus varies from 750 to 1570 pm, with
the largest individuals present from April to June
(Halsband-Lenk et al. 2004). Acartia clausi is the
smallest of the 3 species, with prosome lengths of 650
to 1140 pm; the largest specimens occur in June
(Halsband & Hirche 2001).

All 3 species are known to be omnivorous (Masa-
teru & Omori 1963, Conley & Turner 1985, Kleppel
1993, Dam & Lopes 2003).

For each experiment, 20 healthy female Temora
longicornis and Centropages hamatus and 100 Acar-
tia clausi were chosen and transferred into 1 1 bea-
kers with filtered seawater. Diatom concentrations
were adjusted to 800 ng C 17!, providing unlimited
food for the copepods (Vidal 1980, Koski & Klein
Breteler 2003). The starting concentrations were
1400 cells ml™' for Thalassiosira punctigera diets,
95 cells ml™' for Actinoptychus senarius diets and
60 cells ml~! for Coscinodiscus wailesii diets.

The feeding experiments were conducted in dupli-
cates. The cell counts were conducted in triplicates.
Experiments in 8 different pairings (Table 1) plus 1
control for each diatom species without copepods
were carried out for 48 h; the diatom cells were gen-
tly agitated in 2 h intervals (daytime) to 4 h intervals
(night-time).

After 24 hs, the first samples (20 ml each) were
taken from each bottle and 3 subsamples were
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Table 1. Combinations of feeding experiments. T. p.: Thalas-
siosira punctigera, A. s.: Actinoptychus senarius, C. w.: Cos-
cinodiscus wailesii

Copepod species Diatom species

T. p. A.s. C.w.
Acartia clausi + + +
Centropages hamatus + No data +
Temora longicornis + + +

counted. Simultaneously, another 20 ml without
grazers was taken from each experiment bottle and
put aside to act as controls for the following sampling
taken after another 24 h.

The ingestion rate (I) was calculated according to
Esaias & Curl (1972):

(C.-C,)-V

Nt (2)

where C, is the cell concentration in the control bot-
tle, Cy is the cell concentration in the grazed bottle, N
is the number of copepods, Vs the volume of the bot-
tles and tis the time in hours.

The bottles were kept dark during the experiments
to prevent diatom growth. All samples for counting
were preserved with 4 drops of borax-buffered 40 %
formalin and counted in triplicate using an inverted
Zeiss Axiomat microscope. Material not used for
counting was preserved and filtered with a 20 pm
mesh. Faecal pellets were picked from the filtrate
and washed 5 times along with the remaining dia-
toms with deionized water, mounted on coverslips
and calcined with a Bunsen burner to eliminate the
organic contents of the sample. The prepared cover-
slips were mounted for scanning electron microscopy
with carbon sticky tabs and sputter-coated with
gold and palladium. Subsequently, the stubs were
mounted in a FEI Quanta 200 FEG scanning electron
microscope (SEM) and imaged at an accelerating
voltage of 10 kV.

Statistics

To determine the statistically significant differ-
ences of the crush tests, a 1-way analysis of variance
(ANOVA) was performed for each species, compar-
ing the 3 different orientations. A Shapiro-Wilk nor-
mality test verified the normal distribution of the
data. The cell ingestion rates of Coscinodiscus waile-
sii and Thalassiosira punctigera failed the Shapiro-
Wilk normality test and were hence tested by a 1-

way ANOVA on ranks (Kruskal-Wallis test). The cell
ingestion rates of Actinoptychus senarius were tested
by a t-test, because only 1 pair had to be compared.
Carbon ingestion rates of A. senarius were tested by
a Mann-Whitney rank sum test, because only 2 sam-
ple sets had to be tested; the carbon ingestion rates
of the other 2 species were analysed by a 1l-way
ANOVA on ranks (Kruskal-Wallis test). The data
were not normally distributed in any of the 3 cases.
The significance level for all tests was p < 0,05. Sta-
tistical calculations were performed by SigmaPlot 11
(Systat Inc.).

RESULTS
Crush tests

Actinoptychus senarius exhibits the strongest frus-
tule in all 3 orientations. Large cells resisted on aver-
age >700 pN, while small cells crushed at <600 nN.
This corresponds very well to the apparent compact-
ness of the frustule. The mean forces needed to crush
the frustule of A. senarius did not differ significantly,
no matter how the cells were aligned for the crush
test (p > 0.05; Fig. 2a,b), but the large cells showed
significantly higher stabilities than the small ones
(p < 0.001, t-test). This is particularly interesting as
the large cells are supposed to be less stable than
small.

Unlike Actinoptychus senarius, the alignment of
the diatom Coscinodiscus wailesii resulted in signifi-
cant differences. The forces necessary to break the
girdle band region were significantly lower (p <
0.001, 1-way ANOVA) than the forces for the other
2 alignments (lateral and valve; Fig. 2c). The absolute
values were somewhat lower than those of the small
A. senarius cells (Table 2), resulting in a lower overall
stability of this species.

Cells of Thalassiosira punctigera break at compa-
rable forces to those of Coscinodiscus wailesii, being
most stable for lateral force and significantly weaker
in the other 2 directions (p < 0.05, 1-way ANOVA)
(Fig. 2d).

Feeding experiments

To test the influence of the diatom’s mechanical
stability on the feeding success of copepods, 3 differ-
ent diatoms were fed to the North Sea copepods
Acartia clausi, Temora longicornis and Centropages
hamatus. The highest ingestion rates were measured
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Fig. 2. Applied forces before crush of the frustules of (a)

Actinoptychus senarius, large cells, ca. 125 pm diameter, (b)

A. senarius, small cells, ca. 55 nm, (c) Coscinodiscus wailesii,

ca. 110 pm and (d) Thalassiosira punctigera ca. 60 pm.
Means + SD, n: given as figure in column

Table 2. Forces (uN) necessary to break Actinoptychus

senarius (ca. 55 and 125 pm diameter), Coscinodiscus waile-

sii (ca. 110 pm) and Thalassiosira punctigera (60 pm) in
different alignments. Means + SD

Girdleband Valve Lateral

A. senarius 817.5+132.0 772.7 £+ 114.8 757.8 £ 181.1

(large)

A. senarius 514.9 = 144.5 579.5 £ 66.7 540.0 £ 0.0
(small)

C. wailesii 1419 £45.0 352.3+103.9 408.6 + 88.0

T. punctigera 141.7 + 64.1 263.4 £54.2 438.0 + 100.7

with the smallest algae, Thalassiosira
punctigera (Fig. 3a). Feeding rates of

the large (A. senarius and C. wailesii) and the small
algae (Thalassiosira punctigera) (p < 0.05, ANOVA
on ranks).

To evaluate the nutrient-relevant content, these
cell counts were converted into carbon values (using
the factor by Strathmann 1967), resulting in a carbon
content of 8394 pg C cell™! for Actinoptychus senar-
ius, 980 pg C cell™ for Thalassiosira punctigera and
22723 pg C cell'! for Coscinodiscus wailesii. Evi-
dently the ingested amount of carbon (Fig. 3b) of the
small T. punctigera cells equals to the amount inges-
ted as large C. wailesii cells (p > 0.05, ANOVA on
ranks). By consumption of the cells of A. senarius, in
contrast to the other 2 diatom species, all copepods
gained significantly less carbon on that diet (p < 0.05,
ANOVA on ranks).

DISCUSSION

Precise quantification of the effectiveness of bio-
mechanical protection against grazers by the silica
frustule is hard to show in field experiments. The
variability of many factors in the field is very high —
such as the fitness of grazers, unknown or unmea-
sured types of chemical protection, side effects of
sampling, the history of predators and prey, or a com-
bination of the above. However, the results of these
combined experiments indicated strongly that there
are differences in frustule stability, as well as in
defensive strategies, in the examined diatom species.

Whilst Coscinodiscus wailesii and Thalassiosira
punctigera (although like all diatom frustules com-
plex in their fractal-built fine structure) are simply
'petri-box'-shaped in their overall geometry, Actino-

= ip =
~1000 cells per copepod and hour were ;f: 1%Ta ;f: b
observed, a rate that was also achieved 'g' 10° _EI 1 M
without significant differences by o )
A. clausi, T. longicornis and C. hamatus S, 102 3
(p > 0.05, ANOVA on ranks). 2 £ o1
Approximately 100 times lower feed- % 10 g
ing rates were observed for the larger '*é '*§
cells of Coscinodiscus wailesii and 2 o0 D o b o & B b o 2001 S
Actinoptychus senarius, again without 3@ éoox'@ 0@’5& éoox'@ 0@’5& <5\(,0‘0 w@ <§\°°\Qv~’”°¢ 0@’5& éoo@w@ 0@’5& <5\(,0‘0
significant differences between the V,\,\°° DTS T T

consuming copepod species (p > 0.05,
ANOVA on ranks and (-test, respec-
tively), but constituting a significant dif-
ference between the ingestion rates for

Fig. 3. Ingestion rates of (a) cells and (b) carbon for 3 copepod species (Acartia
clausi, Centropages hamatus, Temora longicornis) feeding on 3 diatom spe-
cies (black: Actinoptychus senarius; dark grey: Coscinodiscus wailesii; light

grey: Thalassiosira punctigera)
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ptychus senarius features an additional tier, in the
form of a wavelike undulated surface geometry. This
additional feature, along with a more structured and
detailed surface texture, increases the level of com-
plexity in this species.

By taking the growth rates (Table 3) of the diatoms
into account, 3 strategies could be identified: Thalas-
siosira punctigera grew fastest and developed high
cell numbers in culture, but exhibited relatively thin
and not very complex frustules, which were easily
ingested by the copepods. Coscinodiscus wailesii
and Actinoptychus senarius pursued a different strat-
egy: both of them grew much more slowly than
T. punctigera. While A. senarius formed frustules of
high complexity, C. wailesii invested energy in cell
size which can reach 500 pm in diameter (Edwards et
al. 2001).

All these 3 strategies are plausible. (1) High cell
numbers compensate for high feeding rates. (2)
Large cell sizes increase the potential of ‘size escape’
and are generally not preferred by predators, as
large sizes increase ‘sloppy feeding’ (Roy et al. 1989,
Meller 2005, Jansen 2008). (3) Massive and complex

10000
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frustule geometries result in high mechanical resili-
ence. If the grazers' feeding tools are not capable of
exerting enough force to crack the frustules, it is pos-
sible that viable cells within intact frustules may be
found in faecal pellets (Fowler & Fisher 1983, Kuwata
& Tsuda 2005, Jansen & Bathmann 2007).

The 3 strategies are also mirrored in Fig. 4a, result-
ing in a picture of cascading steps: the highest in-
gestion rates are achieved by all copepods on the least
silicified diatom, Thalassiosira punctigera. Although
of comparably low stability as T. punctigera, Coscin-
odiscus wailesii is ingested to a much lesser extent in
our biomechanical approach due to its larger size. Yet
fewer cells are ingested of the most stable species,
Actinoptychus senarius. The growth rates (Fig. 4a,
dotted lines) follow exactly the same trends, support-
ing the previously proposed hypotheses.

For copepods the nutritious content is most essen-
tial; here expressed as carbon content (Figs. 3b
& 4b). The ingestion of many fewer, but very large
Coscinodiscus wailesii cells, sums up to a compara-
ble amount of carbon gained by feeding on a large
number of Thalassiosira punctigera cells (Fig. 3b).
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Fig. 4. Ingestion rates of (a) cells and (b) carbon versus mean crushing forces. Ingestion rates correspond to Fig. 3, the forces

are means + SD from all 3 alignments and correspond to the values in Fig. 2. Copepods: ® = Acartia clausi; © = Temora longi-

cornis; Y = Centropages hamatus; diatoms: blue = Thalassiosira punctigera; red = Coscinodiscus wailesil; green = Actino-
ptychus senarius; dotted lines: growth rates of the diatoms

Table 3. Characteristic values of the diatoms used in the feeding experiments. Diameter and height are means; growth rates
are given for exponential growth. Biovolume, surface area and surface to volume (S:V) ratio were calculated with assistance
of the software BIOVOL 2.1 (Kirschtel 1996), with the basic formula for cylindrical shapes

Taxon Diameter  Height Biovolume  Surface area S:V Diameter: Growth rate
(am) (am) (pm?) (um?) ratio Height ratio (am d)
Actinoptychus senarius 133 38.5 5.36 x 10° 43893 0.082 3.450 0.344
Coscinodiscus wailesii 160 88 2.10 x 108 92795 0.046 1.818 0.441
Thalassiosira punctigera 40 26 2.94 x 10* 5677 0.178 1.538 0.699
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The question whether feeding on a few large C.
wailesii cells or many small T. punctigera cells is
energetically preferable cannot be answered here.
The feeding traces on diatom frustules (Fig. 5) indi-
cated that copepods were able to break the frus-
tules, but they provide no information on the carbon
content actually absorbed. As indicated by Magller &
Nielsen (2001), a large prey relative to the size of
the copepod results in a larger amount of lost mate-
rial than that indicated by clearing experiments
(‘sloppy feeding'). We can state that Actinoptychus
senarius, with its complex and stable frustule, does
not nourish copepods as well as diatoms with less
complex frustules (Figs. 3b & 4b) and will presum-
ably be avoided if a different food source is avail-
able. Selective feeding according to food quality has
been examined in several studies (Paffenhéfer 1971,
1976, Paffenhofer & Van Sant 1985, Cowles et al.
1988, Mayzaud et al. 1998, Kuwata & Tsuda 2005).
While nutrient composition has an effect on selec-
tive feeding, the availability of this content being
protected by a mechanical barrier has not yet been
taken into account.

As shown by Jansen (2008), copepods develop
sophisticated techniques to overcome this barrier
without losing cell contents by sloppy feeding. The
copepod Temora longicornis takes bites out of
pieces of the frustule of large diatoms to ingest cell
contents. SEM analysis of cells of Coscinodiscus
wailesii from cultures, on which Centropages hama-
tus had fed, led us to the assumption that an analo-
gous feeding technique exists. The girdlebands, al-
ready identified as the weakest part of the diatom's
frustule (Fig. 2c), showed typical recurring holes
(Fig. 6a,b), which were most probably caused by the
copepod's feeding behaviour on large cells (ca. 120
to 150 pm diameter). The smaller cells (Fig. 5f)
showed more common fractures and explain the bits
and pieces of the diatom frustules found in the fae-

Fig. 5. Representative feeding traces on diatom frustules.

(a—c) Copepods feeding on Actinoptychus senarius: Acartia

clausi (a), Temora longicornis (b), Centropages hamatus (c).

(d-f) Copepods feeding on Coscinodiscus wailesii: A. clausi

(d), T. Iongicornis (e), C. hamatus (f). (g—i) Copepods feeding

on Thalassiosira puncitgera: A. clausi (g), T. longicornis (h),
C. hamatus (i). Scale bar = 50 pm

cal pellets in addition to the fragments of girdle-
bands (Figs. 6¢c & 7)

Feeding traces of Temora longicornis on Coscin-
odiscus wailesii (Fig. 5e) were very much as des-
cribed by Jansen (2008) and not notably different
from their traces on Actinoptychus senarius and Tha-
lassiosira punctigera (Fig. 5b,h).

The smaller copepod Acartia clausi was able to
feed on all 3 diatom species, but the microscopic
examination attested to feeding marks only on the
small size fraction of the diatom culture (compare
Fig. 5a,d,g). Here, the downsizing vegetative division
mode of diatoms enables small predators to feed on
these species.

Fig. 6. Coscinodiscus wailesii. (a,b) Cells after being fed on by Centropages hamatus and (c) corresponding faecal pellet. Scale
bars = (a) 150 pm, (b) 1000 pm, (c) 25 pm
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Fig. 7. Representative faecal pellets. (a—c) Copepods feed-

ing on Actinoptychus senarius: Acartia clausi (a), Temora

longicornis (b), Centropages hamatus (c). (d-f) Copepods

feeding on Coscinodiscus wailesii: A. clausi (d), T. longicor-

nis (e), C. hamatus (f). (g—i) Copepods feeding on Thalas-

siosira puncitgera: A. clausi (g), T. longicornis (h), C. hama-
tus (i). Scale bar = 50 pm

All 3 copepod species are omnivorous (Kierboe et
al. 1982, Kleppel 1993, Dam & Lopes 2003, Pagano et
al. 2003, Katechakis et al. 2004) and exhibit the cor-
responding mandibular gnathobases (Fig. 9) and ex-
press short and compact teeth that provide the re-
quired stability to crack and mince even the frustules
of diatoms (Masateru & Omori 1963, Itoh 1970, Sulli-
van et al. 1975, Michels & Schnack-Schiel 2005). The
gnathobase is the copepod's tool for mincing cells
prior to ingestion and acts as the mechanical antago-
nist of the diatom frustules. Besides the silica en-
forcement of the tooth-like structures, recent findings
show an elastic layer of resilin, which is considered to
improve stability against mechanical damage when
feeding on hard and stiff structures like diatom frus-
tules (Michels et al. 2012). These findings are sup-
ported by our results: the copepods were able to
exert very great forces (>700 nN, cf. Fig. 2) and man-
aged to crush even the stable frustules of Actinopty-
chus senarius.

The ingestion rate, gut passage time and egestion
rate that influence faecal pellet production vary as a
function of several factors, e.g. temperature, feeding
activity and food concentrations (e.g Kierboe et al.
1982, Dagg & Wyman 1983, Baars &
Oosterhuis 1984). Decreasing food con-
centrations reduce faecal pellet produc-

Height (um)
>

* tion and lead to smaller pellets (Dagg &
Walser 1986, 1987), while the effect of
food concentration and food quality on
the density of the faecal pellets is con-
troversial (Bienfang 1980, Dagg & Walser
1987, Butler & Dam 1994, Feinberg &
Dam 1998, Besiktepe & Dam 2002).
However, frustule stability seems to

20 40 60 80

Fig. 8. Actinoptychus senarius. (a) Different sizes of cells in a single A. senar-
ius culture. Scale bar = 25 pm. (b) The height of frustule segments increases

with diameter

Fig. 9. Gnathobases of (a) Temora longicornis, (b) Centropages hamatus and
(c) Acartia clausi. Scale bar = 20 pm
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have an effect on pellet density in our
experiments, possibly due to the low in-
gestion rate (Besiktepe & Dam 2002).
The egested Actinoptychus senarius
pieces in faecal pellets (Fig. 7a—c) were
notably less densely packed than those
of Thalassiosira punctigera (Fig. 7g-i).
Whether this difference was due to the
low ingestion rate or the inability to
break the textured surface of A. senar-
ius into smaller pieces is unknown. Pel-
let density affects sinking rates (Small
et al. 1979, Komar et al. 1981), so mate-
rial transport is not only influenced by
the quantity of ingestible food and the
quantity of food actually ingested, but
also by the quality of the egested cell
fragments. SEM analysis confirmed
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observations of feeding marks; all copepod species
fed on all diatoms, and fragments of the frustules
were found in all faecal pellets.

The crush tests indicated that the frustules of
Actinoptychus senarius, unlike those of Thalassiosira
punctigera and Coscinodiscus wailesii, lack a soft
spot at the girdle bands (Fig. 2), although they have a
similar principal construction and hence are expected
to exhibit similar weaknesses. While the mean cell
size of a population decreases during vegetative
reproduction (Fig. 8a), neither the silica patterns, nor
frustule thickness change to the same extent (Fuhr-
mann et al. 2004, Hamm & Smetacek 2007). A con-
stant frustule thickness with decreasing cell size has a
positive effect on the stability of smaller cells, as
shown by Hamm et al. (2003) for T. punctigera. The
more complex geometry of A. senarius reverses this
trend, although patterning and frustule thickness do
not change, but the amplitude of the main mould
(peak-to-peak distance of the segments of 1 valve)
increases with cell size (Fig. 8b). The cells of this spe-
cies are more stable at larger sizes and therefore ben-
efit from 2 anti-grazing strategies: excluding small
grazers ('size escape') and being very stable due to
the topography of the cells.

CONCLUSIONS

Our experiments have shown that the mechanical
properties of the frustules of 3 widely abundant dia-
toms differ fundamentally. Actinoptychus senarius
has a compact frustule with undulated valves and a
small girdleband surface. This diatom can withstand
high forces and does not have an apparent flaw in
its mechanical defence. Thalassiosira punctigera
and Coscinodiscus wailesii are more simple ('pill-
box') shaped, with more-or-less plain valves and a
larger girdleband surface. This girdleband area is
the weakest point of the frustule. These results are
consistent with feeding strategies and feeding rates
of the 3 copepod species used in the experiments.
They show that sizes, weak regions and overall
mechanical strengths can be decisive factors for the
ability and efficiency of copepods to feed on
diatoms.
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