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ABSTRACT: During March 2001, after a spring diatom bloom, the toxic flagellate Chattonella marina
bloomed in surface waters of the Gullmar fjord, Sweden, to cell concentrations of 1 to 2 x 10° ml™?,
with a strong subsurface maximum (~2 to 5 m). While the diatoms' isotopic composition indicated a
preference for nitrate as an N source, the flagellate seemed to utilize a higher fraction of recycled
nutrients (ammonium) when nitrate was severely depleted by the diatoms, allowing it to remain in
surface waters once the diatoms sank from the surface. C. marina had production rates of ~20 mg C
m~3 h™! and turnover rates of 2 to 5 d"1. The size distribution shifted from larger to smaller cells by the
end of the bloom, and the total carbon that C. marina contributed to the system was about 1000 mg C
m~2, Concurrently, heterotrophic dinoflagellates (especially Peridinella danica) grew to a total bio-
mass of 1500 mg C m~2, and had a net growth rate of 0.06 d™!. Our results suggest that heterotrophic
dinoflagellates had the capacity to be primary grazers of C. marina, and could have easily accounted
for the decline of the C. marina bloom in surface waters. Both C. marina and the heterotrophic
dinoflagellates made a measurable but small (20 to 40 mg C m™2) contribution to sedimented carbon.
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INTRODUCTION

In recent years, there have been a number of docu-
mented blooms of the toxic Raphidophyte Chattonella
spp. in coastal waters (Vrieling et al. 1995, Kohata
1997, Tiffany et al. 2001), including those involving
large fish mortalities (Bourdelais et al. 2002), which
possibly resulted from the generation of brevetoxins
(Bourdelais et al. 2002) or superoxide anions (Tanaka
et al. 1992). Such reports have compounded concerns
regarding the possible harmful effects of anthro-
pogenic changes in coastal water quality (Alanji et al.
2001), and highlight the need for further knowledge on
the ecology and dynamics of this particular genus for
the purpose of effective coastal management. How-
ever, Chattonella spp. blooms have in fact been associ-
ated with low, rather than high, nutrient concentra-
tions. Ono et al. (1999) suggested that when diatoms
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strip nutrients from surface waters, the capacity of
Chattonella spp. to take up nutrients at very low nutri-
ent concentrations may favour this species’ succes-
sional post-spring bloom. This would mean that strati-
fication, not eutrophication, is a proximal bloom trigger
for Chattonella spp. blooms.

Here we document the bloom and grazing-mediated
decline of Chattonella marina in a coastal Swedish
fjord, the Gullmar Fjord, during a period when the
species formed a massive bloom over hundreds of
square Kkilometers covering the entire northeast
Skagerrak, from southern Sweden up the Swedish
west coast to Norway (Naustvoll et al. 2002). This was
the third such bloom in the region, the first 2 being
documented in 1991 and 1998. We utilize cell isotopic
composition to determine the likely nutrient source
utilized by this flagellate, and speculate as to the likely
causes of bloom decline.

© Inter-Research 2006 - www.int-res.com



78 Mar Ecol Prog Ser 326: 77-83, 2006

T =
“ICELAND il
e OJ& / Gullmar
. # j{i Fjord site
The Atlantic o B {\/ d
r g,
{ IJ‘
¥ § , v;% o )
A o g ol |
k< North 5 f??/ ORUST
§EI sea g b ﬁ’%
ol ) 7 SNf s CRa s
E o’ S0 S Piocaa
« UK & ﬂi/'_l\:J R
e ‘;,/ }‘p -
R S (‘Qg o g
an Vj? o \u\ /‘é ok 10 km ;3{’;:»@055
Fig. 1. Location of the Gullmar Fjord study site, Sweden
MATERIALS AND METHODS (PDZEuropa ANCA-GSL). The gases were separated on

Between March 13 and April 4, 2001, we sampled
the water column down to 50 m depth 3 times per week
at a station in the central Gullmar Fjord, Sweden
(Fig. 1), maximum fjord depth 120 m. All field opera-
tions were based at the Kristineberg Marine Research
Station (KMRS) near Fiskebackskil. Sampling was
undertaken from KMRS's RV ‘Arne Tiselius’, and con-
sisted of CTD casts and Niskin bottle sampling at 8 to
10 depths from 0 to 50 m, with most detailed sampling
in the mixed layer. Subsamples from each depth were
filtered on GF/F filters for chl a and particulate organic
matter (POC/PON and isotopic composition analysis,
see below), and filtrate (25 ml) was retained for nutri-
ent analysis. Cell count samples were taken from the
chlorophyll maximum (2 to 5 m) as indicated by the
fluorescence trace. A sampling hose was also lowered
to 15 m to yield integrated mixed layer samples for cell
count analysis. Two vertical net hauls from 15 m to the
surface were also executed using a >90 pm plankton
net to isolate the population of large diatoms for POC/
PON and isotopic composition analysis. All phyto-
plankton and ciliates were preserved with acetic Lugol
solution, and cells larger than 10 pm were counted by
the Utermohl technique (Utermohl 1958) using a Leitz
DMRIB microscope.

Chl a samples were ground and extracted in 10 ml ace-
tone and analysed immediately for chl a concentration
on a Turner Designs AU-10 fluorometer (Parsons et al.
1984). Particulate carbon samples were first mildly acid-
ified in Ag capsules and then analyzed for POC, PON,
813C and 8N as follows: stable isotope abundances and
ratios of carbon and nitrogen were measured by contin-
uous flow isotope ratio mass spectrometry (20-20 mass
spectrometer, PDZEuropa) after sample combustion to
CO, and N, at 1000°C in an on-line elemental analyzer

a Carbosieve G column (Supelco) before introduction to
the isotope ratio mass spectrometer (IRMS). Sample
isotope ratios were compared to those of standard gases
injected directly into the IRMS before and after the
sample peaks, and 8°N (vs. air) and 8*C (vs. PDB)
values were subsequently calculated.

Net primary production was measured using “C
uptake each sampling day at a separate long-term sta-
tion near the fjord sill, according to the protocol devel-
oped by Lindahl (1995). Samples from 9 depths were
incubated in situfor 4 h on a mooring adjacent to KMRS,
and measured production was integrated over depth and
time. Cell counts were converted to cell carbon based on
cell carbon estimates of Edler (1977) and cell size esti-
mates for Peridiniella danica from M. Kulenstierna (pers.
comm.). Sediment traps (8 cm diameter and 55 cm
height) were deployed at 15 and 30 m depths in the
centre of the fjord and collected, emptied, and re-
deployed every 2 to 3 d between March 14 and April 4.
Samples were preserved in Lugol's solution for cell
counts of the trap material. Cell counts of Chattonella
marina and heterotrophic dinoflagellates were con-
verted to cell carbon as above. Species-specific estimates
of carbon uptake and turnover rates (T) were calculated
from measured *C uptake and POC values in surface
waters on March 16 and March 23 (when C. marina
contributed ~82 to 97 % of total phytoplankton POC;
Waite et al. 2005) as follows: T (d™!) = carbon uptake (mg
Cm3d!)/carbon concentration (mg C m™3).

RESULTS

Primary production in the Gullmar fjord in March
2001 peaked at the subsurface fluorescence maximum
(3 m) with a value of 34.8 mg C m™® h™! on March 16
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Productivity, Gullmar fjord (Fig. 2). This peak was associated with a large popula-

T N | tion of Chattonella marina cells, which were identified
in the surface chlorophyll peak in the Gullmar fjord on
the first sampling day (March 14). This flagellate
bloom occurred against the backdrop of what ap-
peared to be a declining population of diatoms, includ-
ing Skeletonema costatum (~125 cells ml™') and
— Chaetoceros spp. (~200 cells ml™!), as well as smaller
E numbers (<10 to 70 cells ml™!) of Thalassiosira sp.,
:.g_ 10+ Guinardia sp., Coscinodiscus sp., and various pennate
8 diatoms, all of which declined steeply to trace numbers
by March 23 (Fig. 3). This suggested the presence of a

= [

5 spring diatom bloom in surface waters in the preceding
154 = 1(5] days or weeks (Fig. 3), which contributed significantly
. 20 to sediment trap fluxes (data not shown) and depleted

nutrients deep in the water column (Fig 3). Depth-
integrated cell numbers of C. marina multiplied

20 - - - - rapidly to a peak of ~1000 cells ml™' on March 16
Feb12 Feb26 Mar12 Mar26  Apr9 (Fig. 3). Turnover times of carbon, calculated when C.
Date marina contributed 82 to 97 % to total POC, ranged

from 1.9 to 4.9 d"!. A biomass drop on March 19 coin-

Fig. 2. Pri ducti C m~® h™!) with depth and . . . .
i~ rimary production (mg ¢ m ) with depth an cided with a documented upwelling event which dom-

time. Subsurface peaks on March 16 and 20-22 correspond to

high concentrations of Chattonella marina (~82 to 97% of inated the surface waters of the fjord and displaced
phytoplankton carbon by weight) surface waters, increasing surface nitrate significantly
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Fig. 3. Cell concentrations of diatoms, Chattonella marina and heterotrophic dinoflagellates dominated (>75 % C) by Peridiniella

danica, vs. time. All samples collected as integrated hose samples over top 15 m of water column. Drop in cell numbers on

March 19 corresponds to a short-term upwelling event that relaxed the following week. Insert: C. marina and heterotrophic
dinoflagellate concentrations vs. time, showing relative abundances (note separate axes)
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Fig. 4. Nitrate concentrations (pmol 1) with depth and time

(modified from Waite et al. 2005). o: sampling depths and

times. Note depletion to undetectable values of nitrate down

to ~20 m depth by March 30. Upwelling and diatom peak are
labelled

(Fig. 4; Waite et al. 2005). Relaxation of the upwelling
brought C. marina cells back into the fjord (Fig. 3),
with subsequent drawdown of nitrate to undetectable
trace levels at the surface, and a significant deepening
of the nitricline as the study progressed (Fig. 4).
Ammonium levels were highly variable with no signif-
icant depth trend, and did not drop below 0.3 pmol 1!
(data not shown).

Isotopic composition of particulate matter indicated
that the net hauls that contained almost pure diatom
biomass (as determined microscopically), dominated
mostly by Coscinodiscus spp., had a heavy carbon
composition (§'°C ~18%.) and high §"°N (~8%o; Fig. 5).
In contrast, bottle casts taken when Chattonella
marina represented >82% of the biomass showed a
statistically lighter 8'*C and lower 8N composition
(t-test, p < 0.0002; Fig. 5), making these 2 co-existing
populations very distinct from each other in isotopic
composition. The C. marina C and N isotopic composi-
tion was more typical of the particulate organic matter
as a whole (Fig. 5).

Chattonella marina cells often formed a strong sub-
surface abundance peak at ~2 to 5 m (corresponding to
the fluorescence maximum), which was several times
greater than the integrated mean cell concentrations
between 0 and 15 m as sampled by hose. This was
especially obvious on March 19, when the subsurface
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peak was >60 times more concentrated than mean
integrated cell numbers from 0 to 15 m.

Chattonella marina cells became ~50 % smaller dur-
ing the bloom (t-test, p < 0.0001, n = 50), changing from
a mean length of 34.6 pm and cell carbon content of
85 pg C cell™! (~800 pm?®) to a mean length of 19.8 ym
and carbon content of 48 pg C cell™}(~400 pm?); how-
ever, cell volumes ranged widely, from <200 pm? to
1600 pm? (Fig. 6). The maximum integrated carbon
(0 to 15 m) contributed by C. marina sp. was 1140 mg
Cm2

Concurrently, heterotrophic dinoflagellates grew to a
maximum integrated biomass of 1530 mg C m™2. This
large population of heterotrophic dinoflagellates domi-
nated the declining phase of the Chattonella marina
bloom, increasing rapidly from background concentra-
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Fig. 5. Isotopic composition (8'°N and §*C%.) of particulate

organic matter. Samples collected at the same depth and

times as shown in Fig. 4. Note distinctive isotopic composi-

tions of diatoms from >90 pm net haul (squares) and bottle

samples containing >85% Chattonella marina biomass
(triangles), respectively
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Fig. 6. Chattonella marina. Cell size distribution on March 14

(early bloom) and March 23 (late bloom). Mean cell carbon
estimates (+SD) for early and late blooms are given
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1 Peridiniella danica
EEE Katodinium glaucum
E= Gyrodinium cf. spirale
B Gyrodinium cf. estuariale
BN Dinophysis norvegica
Dinophysis acuminata
E Cochlodinium sp.

Fig. 7. Dinoflagellate species composition at peak of hetero-

trophic dinoflagellate biomass, as % total dinoflagellate

carbon. Note dominance of Peridiniella danica; Heterocapsa
triquetra present at <0.1 % (not visible on chart)
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Fig. 8. Plot of log dinoflagellate abundance vs. time. Slope (m)
of relationship gives estimated net growth rate (u) ~0.06 d!

tions on March 14 to ~250 cells ml"! on April 4. The
dinoflagellate biomass was dominated by the het-
erotroph Peridiniella danica, which contributed >75 % of
dinoflagellate carbon (Fig. 7). Other important species
were Cochlodinium sp., Gyrodinium cf. estuariale and
G. cf. spirale, Dinophysis norvegica and Katodinium
glaucum (Fig. 7). Dinoflagellate biomass increased expo-
nentially, with a net growth rate (u) of 0.06 d™! (Fig. 8).
Between March 20 and 25, as numbers and biomass of
heterotrophic dinoflagellates increased, C. marina
concentrations underwent a massive decline to almost
undetectable numbers in surface waters (Fig. 3). Se-
diment trap data indicated that only 13 mg C m™ of
C. marina was collected in the 30 m sediment trap in the
fjord over the period of the study (20 d), whereas 37.5 mg
C m? of dinoflagellate biomass was collected in the
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Fig. 9. Chattonella marina and heterotrophic dinoflagellates.

Flux of carbon to sediment traps; peak flux occurred roughly

3 to 6 d after peak biomass in surface waters. Losses were not

a significant fraction of water column biomass. Dates are
in 2001

sediment traps over the same period. Biomass flux of
C. marina peaked on March 23, while dinoflagellate
biomass flux peaked on March 30 (Fig. 9).

DISCUSSION

The growth and decline of the bloom of the toxic fla-
gellate Chattonella marina dominated surface waters
in the Gullmar Fjord, Sweden, over the period of our
study. Both processes seemed to be driven by interac-
tions occurring almost exclusively in the top 5 m of the
fjord, with sedimentation unimportant as a loss term.
C. marina biomass was the single largest contributor to
phytoplankton carbon in surface waters during the
study period, and its biomass peaks coincided with pri-
mary production peaks. Unlike the diatoms, which
were observed to depths of 30 m in the water column,
subsurface peaks of C. marina (identified by the fluo-
rescence maxima) were found (diurnally) only to ~5 m.

Diel migration by cells, undertaken in order to access
deep nutrients, can only occur when nutriclines are
shallow enough for cells to reach them (~6 m, Amano
et al. 1998). In the present study, the nutricline deep-
ened from 3 m to below 10 m between March 20 and
26, the period of bloom decline. It is probable that dur-
ing this time the nutricline became too deep for cells’
diel migration to access high concentrations of nutri-
ents, thus limiting growth rates via nutrient limitation.
Unless diel vertical migration could carry populations
downward to access nutrients below the nutricline,
Chattonella marina would have been restricted to the
area of the water column in which nitrate concentra-
tions became strongly limiting as the study progressed.
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Other studies have found that when Chattonella sp.
is isolated in surface waters depleted of inorganic
nutrients after a diatom bloom, cells can exhibit
extremely efficient usage of low inorganic nutrient
concentrations, in combination with utilization of
organic sources of nitrogen and phosphorus. In our
study, ammonium concentrations did not drop below
0.3 pmol I"! and would have probably provided a sig-
nificant resource for a flagellate species, especially
when considering the inferred high grazing rates (see
below) and high turnover of biomass (up to 5 d™!) that
suggested high nutrient turnover. The significantly
lower 3N composition of Chattonella sp. further sup-
ports the notion that this group depends on a more
recycled nutrient source (ammonium) than diatoms,
whose 8'°N composition at ~8%. was as high as, or
higher than, a typical oceanic nitrate signature (~5 %o;
Montoya et al. 2002). In fact, this higher §'°N composi-
tion suggests that chemical transformations such as
denitrification may be important in the fjord; such pro-
cesses have been known to substantially increase the
8!°N of deep dissolved nitrate, especially in deep
waters where dissolved oxygen concentrations are low
(Brandes et al. 1998, Voss et al. 2001).

Finally, the difference between the 8°N of these
important ecosystem components, in combination with
their documented differences in sinking tendencies
(Waite et al. 2005), indicates that nitrogen as well as
carbon is likely to undergo sinking fractionation in this
ecosystem, meaning that organic matter with high §°N
signatures is significantly more likely to reach the
sediments.

The small amount of Chattonella marina carbon in
the sediment traps, in comparison to the total maxi-
mum integrated biomass, suggests that sedimentation
and/or downward migration were not major loss terms
for this species. Losses that did occur peaked roughly 3
to 6 d after the bloom peak. Given that heterotrophic
dinoflagellates are known to graze on Chattonella spp.
(Nakamura et al. 1992), the large, exponentially
increasing population of heterotrophic dinoflagellates
(dominated by Peridiniella danica) is one likely cause
of the bloom decline. Some dinoflagellates will shift to
mixotrophy at low growth rates (Litaker et al. 2002),
and specific growth rates of heterotrophic dinoflagel-
lates have been documented up to 1.63 d™! (Jeong et al.
2005), with a distinct preference for flagellates over
diatoms (Legrand et al. 1998). Other studies have
shown heterotrophic dinoflagellates to be the primary
grazers of C. marina, and have calculated assimilation
efficiencies of ~0.31 to 0.33 (Nakamura et al. 1992).
Such efficiencies would indicate that, in order to reach
a biomass of 1500 mg m?, dinoflagellates must con-
sume as much as ~4500 mg C m™2 over 20 d (~225 mg
C m2 d7!). This easily matches the maximum water

column primary production rates, attributable largely
to C. marina, measured over the period March 14
through 25 (~4100 mg C m™, integrated from 0 to
20 m). It therefore seems highly likely that dinoflagel-
late heterotrophs were the primary cause of the
decline in C. marina numbers.

Interestingly, these same heterotrophs contributed
more biomass to the sediment traps by a factor of 3,
suggesting that dinoflagellates that graze on Chat-
tonella marina carbon eventually contributed more to
vertical loss from sedimentation and/or downward mi-
gration than C. marina itself. Although macrozooplank-
ton were not abundant in the fjord, they would have
represented another potential loss term for the dinofla-
gellates; however, low concentrations during the time
of our study (Waite et al. 2005) suggested that grazing
was not a serious limiting factor for the dinoflagellate
population during this period. Low copepod grazing
rates have, for example, been shown to be of key im-
portance in allowing dinoflagellate populations to
achieve exponential growth rates in the field (Litaker et
al. 2002). The dinoflagellate population was still robust
when our study was completed on April 4, such that the
eventual fate of this population is unknown.

The shift in size distribution from larger to smaller
cells by the end of the Chattonella marina bloom is
interesting, and indicates a possible shift driven by
high grazing rates and/or low nutrient concentrations
on the largest cells. Heterotrophic dinoflagellates have
a highly specific preferred predator-to-prey size ratio
ranging from 0.7:1 to 3.5:1 (Naustvoll 2000). We specu-
late that this halving in mean cell size of C. marina
might have occurred due to intensive targeting of a
specific range of cell sizes by the dinoflagellates. The
resulting smaller-sized prey population might have
then actually sustained lower mean grazing rates if
cells fell below the preferred size range. The lack of
specific measurements of the size of Peridiniella dan-
ica in this study preclude a detailed analysis; however,
anecdotal observations indicate that this species gen-
erally occurs between 15 and 20 pm in length in the
Skagerrak (M. Kuylenstierna pers. comm.), suggesting
that in this case the dinoflagellate predator was gener-
ally smaller than the flagellate prey. Therefore, the vol-
ume ratio for the larger cells could easily have changed
from ~0.5:1 to 1:1 as C. marina decreased in size. This
would certainly not decrease availability to P. danica
according to the range of theoretically preferred
predator:prey ratios as determined by Naustvoll
(2000). Alternatively, the change in cell size may
simply be a reflection of the physiological growth re-
sponse to a progressive reduction in the (already low)
inorganic nutrient concentrations, with a higher sur-
face area:volume ratio favouring more rapid growth of
smaller cells with higher uptake ratios.
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CONCLUSIONS

We show here that after the decline of a spring
diatom bloom, a dense bloom of the harmful flagellate
alga Chattonella marina occurred in a coastal fjord,
with extremely high carbon fixation rates. Isotopic
composition suggested that this flagellate utilized sig-
nificant amounts of recycled nitrogen, while the
diatoms preferentially incorporated nitrate. Turnover
rates of carbon in waters where C. marina dominated
the biomass (82 to 97 %) were up to 5 d”'. The high
turnover may have been due to grazing by abundant
heterotrophic dinoflagellates (mainly Peridiniella dan-
ica), which increased in abundance as C. marina
declined, and would have had the capacity to control
C. marina biomass even at moderate grazing rates.
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