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A (too) bright future? Arctic diatoms under radiation stress
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Abstract Decreasing Arctic sea ice cover and increasing
stratification of ocean surface waters make the exposure of
pelagic microalgae to high irradiances more likely. Apart
from light being a necessary prerequisite for photosynthe-
sis, rapidly changing and/or high irradiances are potentially
detrimental. An in situ study was performed in the high
Arctic (79°N) to determine the effect of high irradiances in
general, and ultraviolet radiation (UVR, 280—-400 nm) in
particular, on cell concentrations, fatty acid composition,
and photoprotective pigments of three diatom species iso-
lated from seawater around Svalbard. Unialgal cultures
were exposed in situ at 0.5- and 8 m-depth. After 40 h, cell
concentrations of Synedropsis hyperborea and Thalas-
siosira sp., were lower at 0.5 than at 8 m, and the content
of the photoprotective xanthophyll-cycle pigment
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diatoxanthin in all species (S. hyperborea, Thalassiosira
sp., Porosira glacialis) was higher in the 0.5 m exposure
compared to 8 m. In S. hyperborea, growth was addition-
ally inhibited by UVR at 0.5-m depth. In situ radiation
conditions led, furthermore, to a significant decrease in
polyunsaturated fatty acids (PUFAs) in all three species,
but UVR had no additional effect. Hence, we conclude that
natural radiation conditions close to the surface could
reduce growth and PUFA concentrations, but the effects
are species specific. The diatoms’ potential to acclimate to
these conditions over time has to be evaluated.

Keywords UVR - PAR - PUFA - Xanthophyll cycle -
Arctic - Microalgae

Introduction

The rapid decrease in Arctic sea ice cover that has been
observed during the most recent years (NSIDC 2011)
leads to profound changes in the light conditions in Arctic
marine ecosystems. Decreased sea ice thickness, less
snow cover, and an earlier ice break-up during spring will
result in higher ambient irradiances during algal spring
blooms (Nicolaus et al. 2012). Also, the stratification of
surface waters is supposed to increase, as a result of less
saline and warmer surface waters (Strom and Fredrickson
2008). It is generally assumed that increased light avail-
ability will result in a higher annual primary production in
this area (Sakshaug 2004; Arrigo et al. 2008; Pabi et al.
2008). However, high-irradiance levels can also induce
oxidative stress (Foyer et al. 1994), decrease growth rates,
induce defence mechanisms [synthesis of photoprotective
pigments, see Brunet et al. (2011)], and affect the bio-
chemical composition of algae (Thompson et al. 1990;

@ Springer


http://orcid.org/0000-0002-5328-3396
http://dx.doi.org/10.1007/s00300-016-2003-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-016-2003-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-016-2003-1&amp;domain=pdf

1712

Polar Biol (2016) 39:1711-1724

Sterner and Elser 2002; Leu et al. 2006b, c). Microalgal
primary producers in the Arctic comprise both sea ice
algae, phytoplankton and microphytobenthos, and many
of them are physiologically adapted to weak radiation
(Sakshaug et al. 2009; von Quillfeldt et al. 2009). Hence,
a sudden exposure to higher irradiances is potentially
detrimental to them. Particularly dangerous might be
ultraviolet radiation (UVR 280-400 nm) due to its high-
energetic potential shown to reduce growth and phyto-
plankton productivity (Smith et al. 1992; for reviews, see
de Mora et al. 2000; Vernet 2000; Vincent and Neale
2000). In cold environments, these effects are expected to
be more severe, as enzymatic repair is slower at low
temperatures (Ross and Vincent 1998). UVR has been
increasing due to seasonal events of depletion in the
stratospheric ozone layer, and during the Arctic spring
2011, the Arctic ozone layer reached an all-time low,
leading to what was called the first Arctic ozone hole ever
(Manney et al. 2011). However, negative UVR effects on
microalgae are not ubiquitous. For example, polar benthic
pennate diatoms have been shown to be relatively tolerant
to UVR (Zacher et al. 2007; Wulff et al. 2008), and
species-specific or even strain-specific differences have to
be expected. Concomitantly, irradiance (E) in the wave-
length range of photosynthetically available radiation
(PAR, 400-700 nm) increases in Arctic marine ecosys-
tems as a consequence of decreasing ice cover. Evidence
from both laboratory experiments and field studies point
at a negative effect of high irradiances in the PAR
spectrum on the relative amount of nutritionally valuable
polyunsaturated fatty acids (PUFAs) in microalgae (Leu
et al. 2006b, ¢, 2010), whereas a detrimental effect of
UVR on PUFAs was not found in these studies. Several
long-chain PUFAs are synthesized exclusively by marine
algae (Ackman et al. 1968) and are essential to higher
organisms that need to take them up through their diet
(Harwood and Jones 1989; Sargent et al. 1995). PUFAs
have been proven to be of major importance, especially
during the key period of reproduction in spring (Pond
et al. 1996; Jonasdottir et al. 2002) and are efficiently
enriched in higher trophic levels (Falk-Petersen et al.
1990). Hence, even if an overall increase in light avail-
ability might indeed result in increased total annual pri-
mary production, the quality of the synthesized algal
material could well be inferior to what is found today. A
previous outdoor experimental study with another Arctic
diatom species had proven a surprisingly quick response
of algal fatty acid composition to high-irradiance expo-
sure (<24 h), followed by a comparatively slow regen-
eration period (7-10 days) (Leu et al. 2006¢c). As quick
responses to abrupt changes clearly are relevant in a
dynamic environment like the (partly) sea ice-covered
Arctic during spring, we designed the current study as
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short-term experiments in order to increase our under-
standing of the rapid responses.

Photosynthetic organisms have evolved a variety of
mechanisms to handle high irradiances and, in particular
preventing oxidative stress that is caused by induction of
reactive oxygen species in association with photosynthesis.
Central in these defence mechanisms is the production of
so-called photoprotective pigments (for a review, see
Brunet et al. 2011). These pigments are synthesized when
algae experience stressful conditions and absorb partly the
incoming excessive radiation energy, in order to protect the
photosynthetic apparatus. In diatoms, excessive energy can
be modulated through thermal dissipation by de-epoxida-
tion of diadinoxanthin to diatoxanthin in the xanthophyll
cycle (Olaizola and Yamamoto 1994; van de Poll et al.
2006; Wulff et al. 2008). Excessive irradiance also leads to
a decrease in photosynthetic efficiency due to non-photo-
chemical quenching of incoming radiation, and/or lasting
photodamage (Hanelt 1998). Fluorescence-based measur-
ing techniques allow to follow the photophysiological state
of algae with a high-temporal resolution and to study their
response towards environmental stress (Suggett et al.
2010). Diurnal changes in the maximum quantum yield of
dark-acclimated cells, abbreviated as photosynthetic yield
F,/F,, indicate during which periods the incoming irradi-
ance exceeds the algal needs for powering photosynthesis,
and whether or not the induced stress response is reversible
or results in lasting damage.

The aim of this study was to test the short-term physi-
ological response of Arctic diatoms to in situ irradiances
close to the water surface, including the effect of UVR, as
well as potential consequences for algal nutritional quality.
We studied changes in cell numbers and chlorophyll a
concentrations, and the response of defence mechanisms
(composition and concentration of photoprotective pig-
ments), together with fatty acid composition. For additional
information, a diurnal cycle of photosynthetic yield under
ambient conditions was measured with high-temporal
resolution.

Materials and methods

The experiments were carried out during spring 2008
(April/May) in Kongsfjorden, close to Ny—/oklesund (Sval-
bard, Norway) at 79°N (Fig. 1). Unialgal diatom cultures
isolated from the Svalbard archipelago were exposed to
natural radiation conditions, with and without UVR, at 0.5
and 8-m depths for 40 h. Three different diatom species
were studied: the centric pelagic species Porosira glacialis
(Grunow) Jorgensen and Thalassiosira sp., and the pen-
nate, sympagic (ice-associated) species, Synedropsis
hyperborea (Grunow) G.R. Hasle, L.K. Medlin & E.E.
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Fig. 1 Map over Northern Europe, indicating the location of
Kongsfjorden (Svalbard, Norway) and the settlement Ny-Alesund

Syvertsen. Before the experiments started, the algal cul-
tures were kept for approximately two weeks in a culture
room with constant temperature at 0.5 °C and 80 pmol
photons m~> s™' photosynthetic active radiation (PAR),
provided by fluorescent tubes (OSRAM Lumilux de luxe
58 W/950 daylight) in a 16:8 h light/dark cycle. Double
GF/F-filtered seawater enriched with nutrients in /10
concentration (Guillard 1975) was used for cultivation. The
diatom cultures were regularly diluted with fresh medium
every 3-5 days, depending on cell density.

The experimental set-up was a modified version of a
similar set-up used in the study by Wiencke et al. (2006),

Fig. 2 Experimental set-up: aluminium frame at 0.5-m depth with
exposure dishes. Pictures by Eva Leu and Wojtek Moskal

Fig. 2. Sample holders for the field experiment consisted of
UV-transparent Plexiglas “GS 2458” (Rohm, Darmstadt,
Germany, mean transmission 93 % of PAR (400-700 nm),
92 % of UV-A (320400 nm) and 86 % of UV-B
(280-320 nm)) in an aluminium frame (0.8 x 0.8 m).
Sixteen Petri dishes without lids (94 x 16 mm, volume ca.
110 ml), arranged in a 4 x 4 grid, were mounted to the
underside of these frames, with black plastic bottom
squares underneath. Each treatment (0.5 and 8 m, natural
irradiance and without UVR) consisted of four replicates
that were randomly distributed on the frame. Two frames
were deployed at each depth, in order to be able to pool two
Petri dishes from the same treatment to have a sufficient
sample volume for all variables to be analysed. Each spe-
cies was tested in a separate round of experiments, as only
four frames were available (see Table 2). To investigate
the effect of UVR, the Plexiglas above the Petri dishes was
covered with Ultraphan 400 foil (Digefra, Munich, Ger-
many), shielding half of the Petri dishes from UV radiation.
The control Petri dishes were covered with cellulose
acetate foil (Tamboer & Co Chemie B.V., Heemstede,
Netherlands) to correct for the ca. 10 % absorption of
Ultraphan 400 in the PAR spectrum. Transmission spectra
of these two foils were published in Leu et al. (2007). To
record the diurnal changes in irradiance, every frame was
equipped with a HOBO light/temperature logger that
recorded the in situ conditions during the entire experiment
with 1-min resolution. On one of the frames at each depth,
we mounted in addition a X2000/14 UV-dosimeter (Gi-
gahertz Optik, Tiirkenfeld, Germany), measuring the UVA
and UVB intensity and dose at the current depth (also every
minute). In addition, vertical profiles of incoming radiation
down to 45 m (integrated PAR) were measured repeatedly
under different cloud conditions, and at different times of
the day, using a cosine-corrected underwater quantum
sensor (LI-192, LI-COR, Lincoln, Nebraska, USA), in
combination with a surface reference sensor in air (LI-190,
LI-COR, Lincoln, Nebraska, USA) measuring incident
radiation at the ice surface. Diurnal changes in underwater
irradiance at 2-m depth were recorded during a 60-h log-
ging period with a hyperspectral UV/VIS irradiance sensor
(320-950 nm, RAMSES-ACC-VIS, TriOS Mess- und
Datentechnik, Rastede, Germany). The logging period
included cloudless weather conditions for >12 h (from min
to max solar angle), followed by complete overcast (also
covering the entire range of solar angles at that time of the
year). Spectra were recorded every 30 min.

Samples for counting cell numbers, and determining
particulate carbon (PC), fatty acid and photosynthetic
pigment composition were taken initially and at the end of
the experimental exposure period. To allow the algae to
acclimate smoothly to their new environment, experiments
usually started during the evening (6—10 p.m. local time)
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and were terminated around 40 h later, during early after-
noon, right after exposure to daily maximum irradiances.
Outmost care was taken to minimize the time between
frame retrieval from the water and sample filtration.
Experimental frames were transported wrapped in black
plastic bags.

Cell numbers

Initially and at the end of each experimental period,
5-10 ml cell suspension from each replicate sample was
fixated with Lugol’s solution and stored in darkness until
counting. For estimation of cell density, 1 ml of a well-
mixed sample was pipetted into a Sedgwick-Rafter count-
ing chamber and a minimum of 300 cells were counted,
however, always a minimum of 60 squares (1 square in the
counting chamber = 1 pl). Due to low biomass of P.
glacialis, for this species, a mean value of 400 pul was
counted.

Photosynthetic pigments

From each replicate, 30-50 ml was filtered on separate
25 mm GF/F filters, the filters were frozen in liquid
nitrogen, transferred to —80 °C and analysed within
6 months. The filtered cells were extracted in 1.5 ml
100 % methanol. The extract was sonicated for 45 s using
a ultra-sonicator (Vibra-cell) equipped with a 3 mm
diameter probe operating at 80 % in 5 s pulses (Wright and
Jeffrey 1997). The extraction and HPLC analysis continued
according to Wright and Jeffrey (1997) using an absor-
bance diode-array detector (SpectraphysicsUV6000LP).
The column used was a C;g Phenomenex Ultracarb 3 pm
ODS (20) (150 mm x 3.20 mm) equipped with a guard
column, Security Guard Phenomenex Cis
(4 mm x 3.0 mm). The HPLC was calibrated with pig-
ment standards from DHI Water and Environment, Den-
mark. Peak identities were further confirmed by online
recording of absorbance spectra (400-700 nm) (Wright and
Jeffrey 1997). Chlorophyll a (chl a) is expressed as pg 17
and to distinguish a possible physiological response to the
treatments, pigment ratios (weight/weight) were deter-
mined; separate photosynthetic pigments to chl a, total
carotenoids (fucoxanthin, diadinoxanthin, diatoxanthin and
betacarotene) to chl a and xanthophyll-cycle pigments
(diatoxanthin/(diadinoxanthin plus diatoxanthin).

Fatty acids
Initially and at the end of the experiment, 80 ml from each
replicate was filtered on a pre-combusted 25-mm GF/F filter

and put into glass vials with 8 ml dicholoromethane/
methanol (2:1, v/v). They were stored at —20 °C until
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analysis. Filters were then crushed by ultrasonification and
extracted in dichloromethane/ methanol (2:1, v/v) following
the method after Folch et al. (1957). Prior to extraction, an
internal standard was added (23:0 FAME). For gas liquid
chromatography of fatty acids, methyl esters were prepared
from aliquots of the extracted microalgae by transesterifi-
cation with 3 % sulphuric acid in methanol for 4 h at 80 °C.
After extraction with hexane, fatty acid methyl esters
(FAME) were analysed with a gas-liquid chromatograph
(Agilent 6890, Agilent GmbH, Waldbronn, Germany) on a
capillary column (60 m x 0.25 mm L.D.; film thickness:
0.25 pum; liquid phase: DB-FFAP (Agilent) using temper-
ature programming (53) (Injection: splitless at 250°,
detection: FID at 280 °C). FAMEs were identified by
comparison with known standard mixtures. If necessary,
identification of FAMEs was confirmed by gas chro-
matography—mass spectrometry (GC-MS) measurements.
Total lipid concentrations refer to the sum of total fatty acid
methyl esters.

UV-absorbing compounds

To screen for the absence or presence of UV-absorbing
compounds, we filtered 300 ml of each culture (kept in the
culture chamber—not from the experimental set-up) on
25-mm GF/F filters. For extraction, 2 ml of 25 % methanol
was added and the extraction proceeded in a water bath (ca
45 °C) for 2 h. After extraction, the suspension was filtered
through 0.45 pm syringe filters and analysed in a Shimadzu
UV-2401 spectrophotometer. To identify a possible
absorbance in the UV range, an absorbance spectrum
between 280 and 700 nm was recorded.

Photosynthetic yield

In order to test the response of algal photophysiology
towards the diurnal changes in irradiance, we measured
their photosynthetic yield during 24 h in a separate
experiment. Photosynthetic yield F\/F,, was estimated by
variable chlorophyll fluorescence measurements in photo-
system II (PSII), (F.,, — Fo)/Fy, = F\/F,,, where F,, is
maximum fluorescent yield and F, is fluorescent yield
before the light pulse in a dark-acclimated state, with a
WATER-PAM fluorometer (Walz Mess- und Regeltechnik,
Effeltrich, Germany).

Due to the long handling time (30-45 min) when
retrieving the frames, it was not possible to combine the
in situ experiments with measurements of photosynthetic
efficiency. We therefore studied diurnal variation of the
photosynthetic yield in a separate experiment where the
diatoms were exposed for ambient radiation for 37 h in
outdoor aquaria. Measurements of dark-acclimated
(15 min) photosynthetic yield were taken at least every
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second hour during a period of 37 h, with hourly resolution E ar [Hmol m2 7]

during the periods of major changes in F,/Fy,. 1 10 100 1000
° X BB e P

Statistical analyses

Treatment effects of the exposure to 40 h in situ irradiance
conditions at 0.5 and 8 m with and without UVR, respec-
tively, were tested by one-way ANOVA for the results
from the four different treatments at the end of the exper-
iment. Levene’s test was used to check the data for
homogeneity of variances, and a Kruskal-Wallis-test was
applied in those cases where this criterion was not fulfilled.
All analyses were performed with non-transformed data,
using STATISTICA 7.0 (StatSoft Inc.).

Results
Irradiance conditions during experiments

PAR intensities measured in the air during the experi-
mental period reached noon values up to 860 pmol m~? -
s~! under cloudless conditions and 450 pmol photons
m % s~ under overcast conditions. The daily minimum
irradiances around midnight were around 140 pmol pho-
tons m > s~! without clouds (Table 1). Of these surface
irradiances, about 70 % were detected at the experimental
depth of 0.5 m, while 17-27 % reached 8-m depth
(Table 1, Fig. 3). Due to variability of cloud cover, the
integrated PAR doses for the three experiments were
slightly different: while Synedropsis hyperborea experi-
enced the lowest PAR dose, Thalassiosira sp., and Por-
osira glacialis received 105 % and 116 % of that,
respectively. Total UV doses for the respective experi-
ments ranged from 670 k] m~> (UVA) and 16.7 kJ m~>
(UVB) to 762 kJ m~2 (UVA) and 17.7 kJ m~2 (UVB) at
0.5-m depth (Table 2). Diurnal changes in UVR at 0.5
versus 8-m depth are shown for the experiment with S.
hyperborea in Fig. 4. Approximately 30 % of the UVA
radiation measured at 0.5 m was detected at 8 m, while the
ratio for UVB was only 10 % due to more efficient
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Fig. 3 Vertical underwater profiles PAR (pumol m~2 s~!) measured
by a cos-corrected LICOR sensor at different times of the day under
cloudless conditions (maximum values)

fluorometry diurnal measurement were comparable to the
in situ exposure at 0.5-m depth, as the weather was rather
cloudy during this period (data not shown). During a period
of 60 h, the diurnal changes in the spectrum of incoming
irradiance at 2-m depth were logged. Integrated PAR flux
indicates a clear-sky period during the first half of this
period (Fig. 5, inset), followed by overcast conditions;
hourly changes in the spectral composition are shown in
Fig. 5, with the upper panel (a, clear sky) corresponding to
the period from solar noon to midnight on the 4 May, and
the lower panel (b, overcast) covering the period from solar
noon to midnight on the 5 May. Cloud cover absorbs more
efficiently the longer wavelengths, and during the night
period with a very low solar angle, the differences between
clear sky and overcast conditions become very subtle.

Cell numbers

Initial total cell numbers (n =4) were 1.0 x 107 (S.
hyperborea), 1.6 x 10" (Thalassiosira sp.) and for P.

absorption, Radiation conditions during the PAM glacialis, 7.3 x 105 cells L_1 (Table 3). Statistically
sutace, 8 and 0.5 m (meared Noon 6 pm. Midnight
during the first week of May Cloudless Overcast  Cloudless Overcast  Cloudless  Overcast
2008); integration time for all
measurements: 30 s Surface  pmol m™2s™! 866 457 419 250 138 n.a.
% 100 100 100 100 100 n.a.
0.5m pmol m~2 s~! 608 346 309 151 100 n.a.
% 70 76 70 61 72 n.a.
8 m pmol m~2 s~ 147 116 101 49 30 n.a.
% 17 26 27 19 21 n.a.
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Table 2 Intensities [W mfz] and doses [kJ mfz] of UVA (320400 nm) and UVB (280-320 nm) radiation during the experiments, calculated

from logged measurements at 0.5-m depth

Experiment UVAin UVA ux UVBuin UVB,ax Temperature Total dose Total dose
Wm?  Wm?)  Wm?  (Wm?  range (°C) UVA (kJm™®  UVB (kJm™>)
Synedropsis hyperborea 0.85 11.47 0.009 0.30 1.4-3.2 670 16.7
(29.4.-01.05.)
Thalassiosira sp. 1.80 10.56 0.025 0.31 1.5-3.2 706 18.2
(02.-04.05.)
Porosira glacialis 1.20 12.95 0.013 0.29 1.6-3.4 762 17.7
(06.-08.05.)
Logging interval 1 min
12 all depths and treatments. Porosira glacialis showed no
(a)E,,. —38m statistically significant treatment effects at all (Table 3).
10 0.5m Particulate carbon concentrations are provided in the
g appendix table (online resource 1). Only in Thalassiosira
— sp., carbon concentrations increased during the short
g 6 experiment.
4 Photosynthetic pigments and UV-absorbing
) compounds
0 An overview of chl a concentrations and ratios of photo-
035 synthetic pigments to chl a are shown in the appendix
(b) Euve —&m table (online resource 1). When exposed to excessive
030 05m radiation conditions, diatoms convert diadinoxanthin (Dd)
0.25 to diatoxanthin (Dt), a process known as the xanthophyll
= 0.20 cycle. For S. hyperborea, the ratio (Dt/(Dd + Dt)) was
§ o5 higher at 0.5 m compared to 8-m depth, both in the PAR
- and UVR treatment (Table 4). No UV-absorbing com-
0.10 pounds were detected (data not shown). Also for Thalas-
0.05 siosira sp., depth effects were observed with higher ratios
__/\______,,,-/"\ at 0.5 m. In addition, an UVR effect was found with a
g'c?gzl. 0:00  30.04.12:00 01.05.0:00  01.05.12:00  02.05.0:00 higher ratio at 0.5-m depth (Table 4). For UV-absorbing
Local time compounds (e.g. mycosporine-like amino acids), a small

Fig. 4 Logged UVR intensities at 0.5- and 8-m depth, respectively,
during one example experiment (Synedropsis hyperborea, 29.4.-1.5.),
logging interval 1 min, all values in W m™

significant depth effects were observed for S. hyperborea
with lower cell numbers at 0.5 m compared with 8§ m
(Table 3). In addition, an UVR effect was found at 0.5-m
depth; lower cell number when exposed for UVR
(Table 3). Compared with initial values, statistically sig-
nificant reduced cell numbers were observed at 0.5-m
depth, both treatments. For Thalassiosira sp., depth effects
were observed (cells numbers at 8 m > 0.5 m), but no
significant UVR effects were found. Compared to initial
cell concentrations, increased cell numbers were found for
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peak in the UV-range of the spectrum was observed. For P.
glacialis depth effects in photosynthetic pigments were
observed, again with higher ratios at 0.5 m compared with
8 m (Table 4). No effects of UVR were found. A clear
peak in the UV-absorbance spectrum was found for P.
glacialis, showing the presence of UV-absorbing com-
pounds. Total carotenoid (here fucoxanthin, diadinoxan-
thin, diatoxanthin and betacarotene) to chl a ratios are
considered an estimate of photoprotection when cells are
exposed for excessive (potential harmful) radiation. For S.
hyperborea, although the ratio was higher at 0.5 m com-
pared with 8-m depth, the effects were not statistically
significant. For Thalassiosira sp., the ratios were higher at
0.5-m depth with an additional UVR effect at 0.5 m.
Porosira glacialis showed depth effects (0.5 m > 8 m),
but no UVR effects (Table 5).
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Fig. 5 Diurnal changes in

(a)

underwater spectral irradiance
at 2-m depth during a cloudless
and b complete overcast
conditions. Plotted are one
spectrum per hour, measured
each hour at 13:23 to 01:23
(UTC + 2). In the legend they
are labelled with the nearest
hour in local solar time, so that
the sun was highest at 12 and
lowest at 00. Insert Diurnal
dynamics in integrated PAR
measured at 2-m depth
throughout the entire logging
period of 60 h (3.-6. May 2008),
including predominantly cloud-
free conditions during the first
part of the logging period, and
overcast during the second part.
Boxes indicate the periods from

EMN) [mMWm=2nm-]

which data for plots a and b are
taken

(0) 50
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Fatty acid composition

In all experiments with all species, clear and significant
changes of the initial fatty acid composition had occurred
by the end of the experiment. In order to address the
question whether irradiance in general or UVR in particular
had an impact on diatom fatty acid composition, we focus
on a comparison of the final fatty acid composition at the
end of the experiment with the four different treatments
PAR 0.5 m, UVR 0.5 m, PAR 8 m and UVR 8 m, analysed
by one-way ANOVA or Kruskal-Wallis test in cases where
the homogeneity of variances was not given according to
the Levene’s test. The total lipid content relative to

|
500 550 600 650 750

Wavelength [nm]

particulate carbon was calculated as the sum of all fatty
acids (standardized to carbon). When comparing initial
values with those in the four different treatments after the
end of the experiment, only Synedropsis hyperborea
showed a decrease in total fatty acids per carbon in three
out of four treatments after the end of the experiment
(Fig. 6). The sum of fatty acids per carbon in the algae
exposed to PAR only at 0.5 m did not change compared to
the initial value and was significantly higher than all other
treatments.

Synedropsis hyperborea showed the most pronounced
changes in fatty acid composition by the end of the
experiment as compared to the initial conditions. While the
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Table 3 Cell numbers L™' x 10° before (initial) and after treatment
for each species, respectively (n = 4), with significant differences (s,
p < 0.05) and non-significant differences (ns) for depth effects, and
radiation effects at different depths

PAR UVR
Synedropsis
hyperborea
Initial 10.4(0.75)
0.5m 6.94(0.7) 5.02(0.2) s
8§ m 9.93(0.6) 8.55(0.6) ns

s s
Thalassiosira sp.
Initial 16.4(0.52)

0.5m 18.4(0.7) 18.6(0.5) ns

8§ m 20.5(0.2) 22.6(1.5) ns
K Ky

Porosira glacialis

Initial 0.73(0.03)

0.5m 0.65(0.02) 0.62(0.05) ns

8 m 0.76(0.02) 0.74(0.03) ns
ns Ns

Treatments were ambient radiation conditions without UVR (PAR)
and with UVR (UVR). Standard errors are shown within brackets

Table 4 The ratio of the xanthophyll-cycle pigment diatoxanthin
relative the sum of diatoxanthin plus diadinoxanthin (Dt/(Dt + Dd))
after treatment for each species, respectively (n = 4)

PAR UVR
Synedropsis hyperborea
0.5 m 0.209 0.200 ns
8 m 0.130 0.131 ns
s s
Thalassiosira sp.
0.5 m 0.442 0.485 K
8 m 0.250 0.278 ns
s s
Porosira glacialis
0.5m 0.283 0.276 ns
8 m 0.164 0.144 ns
s s

Significant differences (p < 0.05, s) and non-significant differences
(ns) are shown for depth effects, and radiation effects at different
depths. Treatments were ambient radiation conditions without UVR
(PAR) and with UVR (UVR)

major saturated fatty acid 16:0 increased by 50 %, the
polyunsaturated fatty acids decreased (Fig. 8a). The
decline was found most strongly in 20:5n3 decreasing from
25 to 20 %, and C16 PUFAs (16:4nl, 16:3n4, 16:2n4)
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Table 5 The ratio of total carotenoids (fucoxanthin, diadinoxanthin,
diatoxanthin, betacarotene) relative to chl a (weight/weight) before
(initial) and after treatment for each species, respectively (n = 4)

PAR UVR

Synedropsis hyperborea

Initial 1.15(0.05)

0.5 m 1.14(0.05) 1.24 (0.10) ns

8 m 1.10(0.02) 1.03 (0.07) ns
ns ns

Thalassiosira sp.

Initial 1.12(0.03)

0.5m 0.98(0.01) 1.10 (0.04) s

8 m 0.83(0.04) 0.80 (0.01) ns
s s

Porosira glacialis

Initial 0.72(0.01)

0.5m 0.85(0.02) 0.91 (0.01) ns

8 m 0.80(0.00) 0.79 (0.00) ns

N N

Significant differences (p < 0.05, s) and non-significant differences
(ns) are shown for depth effects, and radiation effects at different
depths. Treatments were ambient radiation conditions without UVR
(PAR) and with UVR (UVR). Standard error is shown between
brackets

decreased by about 15 %. The total PUFA content
decreased from initially 38 to 30 %, with the lowest values
found in the UVR treatments (Fig. 7a). There were, how-
ever, no statistically significant differences between the
four treatments detectable by the end of the experiment
(Table 6), probably indicating that even the exposure at
8 m, and shielded from UVR was sufficient to cause the
observed changes.

A similar pattern of change was found in Thalassiosira
sp., with an increase in 16:0 by 30—40 % at the end of the
experiment, and a concomitant reduction in polyunsatu-
rated fatty acids, although weaker than in S. hyperborea
(only 10-15 %, Fig. 7b). But in all major fatty acids, a
statistically significant difference between the two depths
of exposure was found by the end of the experiment,
whereas no UV effect on the fatty acid composition was
visible (see Table 6). Again, 16:0 was higher in algal
cultures exposed at 0.5 m as compared to 8 m, while all
PUFAs were found in lower percentages at 0.5 m. The
major monounsaturated fatty acid 16:1n7 accounting for
40 % of total fatty acids in this species was the only
exception to this general trend: although it was reduced by
the end of the experiment as compared to the initial con-
ditions, it was found in higher values at 0.5 m than at 8 m
(Fig. 7b).
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Fig. 6 Box whisker plots showing changes in total lipids after the
experiments (given as sum of fatty acids per particulate carbon):
Synedropsis hyperborea (a), Thalassiosira sp. (b), Porosira glacialis
(¢) (n = 4). Each box plot shows the middle 50 % of the data, the

Porosira glacialis underwent similar changes of its fatty
acid composition as the other two species comparing initial
and final state, with a 33 % increase in 16:0, 20 %
reduction of C16 PUFAs, and a slight decrease in 20:5n3.
The only statistically significant depth effect was seen in
the n3 PUFAs 20:5n3 and 22:6n3, with higher values of the
respective fatty acids in the samples exposed to lower
irradiances (i.e. 8 vs. 0.5 m) (Fig. 7c). This was also
reflected in a lower overall amount of PUFAs at 0.5 m by
the end of the experiment. Whether or not the algae were
exposed to UVR did not significantly affect their fatty acid
composition.

Photosynthetic yield

Photosynthetic yield showed a pronounced diurnal pattern,
with highest yield values at 2 a.m., 30 min after the lowest
solar elevation. For all three species, the F,/F, returned to
original values after ca 24 h (Fig. 8). The pennate diatom
S. hyperborea differed from the two centric diatoms,
showing a less dynamic response with the lowest value of
0.2 compared to P. glacialis (0.13) and Thalassiosira sp.
(0.11), respectively.

Discussion

In this short-term study of algal responses to ambient
irradiances in Arctic waters close to the surface three dia-
tom cultures responded very rapidly. Despite the short
exposure time of 40 h (in situ), we found statistically sig-
nificant changes and depth-dependent differences in cell
number, photosynthetic pigment composition and PUFA
content in the three diatom species. This underlines a
remarkable physiological and biochemical plasticity in
these slow-growing algae. The general patterns of change

25 % quartile, median (horizontal line), 75 % quartile, and mean
value (red cross). Whiskers indicate the ranges for the maximum and
minimum values

were similar for all three diatom species, although species-
specific differences in both sensitivity and protective
potential were found. Reductions in cell number and per-
centage of PUFAs were in all experiments caused mainly
by high-PAR irradiances, while UVR played a minor role.
This was manifested in significant differences between the
algal cells exposed at 8 m compared to 0.5-m depth,
together with a lack of significant differences between
UVR and PAR treatments at the same depth. The physio-
logically important polyunsaturated fatty acids were
reduced in all species compared to their start conditions,
and in two of three species, we found higher values at 8 m
than at 0.5 m. This is in line with previous studies about the
detrimental effect of high-PAR irradiances on algal PUFAs
(Leu et al. 2006b, c; 2010). Leu et al. (2006¢) found rapid
changes in the biochemical composition of another Arctic
diatom culture Thalassiosira antarctica var. borealis after
exposing it to ambient irradiances with and without UVR
in outdoor aquaria. This experiment was carried out in Ny-
Alesund over 17 days, and proved that the diatom culture
was capable to acclimate to the outdoor irradiances and re-
gained its original biochemical characteristics approxi-
mately after 10-12 days. The current study, however,
describes for the first time these effects under experimental
conditions in situ, confirming that the irradiances found at
these latitudes still are sufficient to be potentially detri-
mental for essential PUFAs in algae. These important
biomolecules cannot be synthesized de novo by higher
organisms and are enriched efficiently in the food chain.
Hence, changes in the amount of PUFAs in algae have the
potential to exert cascading effects on higher trophic levels.
Of the three studied species, Synedropsis hyperborea, the
pennate sea ice algae, showed the strongest overall
reduction of PUFAs between start and end of the experi-
ment; no significant differences between the four different
treatments were found in this species, indicating that

@ Springer
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Fig. 7 Box whisker plots showing changes in most important fatty
acids throughout the experiments with previous outdoor acclimation
(given as percentage of total fatty acids): Synedropsis hyperborea (a),
Thalassiosira sp. (b), Porosira glacialis (¢) (n = 4). Shown are the
initial values measured in the cultures prior to in situ exposure (ini),
as well as fatty acid levels after 40 h of exposure at 0.5- and 8-m

already the exposure without UVR at 8 m was sufficient to
cause the observed biochemical changes. The clearest
differences between diatoms exposed at 0.5 versus 8-m
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depth, respectively, and with (white boxes) and without UVR (grey
boxes). Each box plot shows the middle 50 % of the data, the 25 %
quartile, median (horizontal line), 75 % quartile, and mean value (red
cross). Whiskers indicate the ranges for the maximum and minimum
values

depth were found in Thalassiosira sp., a small (<10 pm
cell size) centric diatom. The third species, Porosira gla-
cialis, had the highest PUFA content (up to 50 % of total
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Fig. 7 continued

Table 6 Overview over results from statistical analyses of fatty acid composition differences between treatments after the end of the experi-

ments (percentage data)

Synedropsis hyperborea (n = 4)

Thalassiosira sp. (n = 4)

Porosira glacialis (n = 4)

UV effect

Depth effect

UV effect

Depth effect UV effect Depth effect

16:0 ns ns Higher at 0.5 m
16:1n7 ns ns Higher at 0.5 m
C16 PUFAs ns ns Lower at 0.5 m
18:0 ns ns ns

18:1n9 ns ns -

20:5n3 ns ns Lower at 0.5 m
22:6n3 ns ns Lower at 0.5 m

Sum PUFAs ns

ns

Lower at 0.5 m

ns
At 0.5 m: higher under UV
ns
ns
ns
ns

ns

ns
ns

ns
ns

Lower at 0.5 m
Lower at 0.5 m

Lower at 0.5 m

ns

ns

ns

ns

ns

ns

ns

ns

Shown are results from one-way ANOVA or Kruskal-Wallis test (in cases where homogeneity of variances was not given according to Levene’s
test). Depth effect indicates a significant difference between 0.5 and 8 m exposure, UVR effect indicates a significant difference between UVR

and PAR treatment at the same depth

FAs), but showed only a moderate reduction of C16
PUFAs, while 20:5n3 and 22:6n3, the most important
omega 3 fatty acids, were not significantly affected by the
treatments. The lack of a negative effect of UVR on the
percentage of PUFAs confirms also findings from previous
laboratory experiments with three different species of
Arctic diatoms (Leu et al. 2007) and one temperate
chlorophyte (Leu et al. 2006a). Ambient temperatures
during the in situ experiment were slightly higher and

fluctuating compared to the pre-cultivation phase in the
laboratory. However, if the observed effects were primarily
caused by changes in temperature, no differences between
the applied irradiance treatments should have been
observed. With respect to cell numbers, higher tempera-
tures should have led to higher numbers, which was not
observed.

Our results showed overall clear species-specific dif-
ferences in the diatoms’ responses to the exposure to high
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Fig. 8 Diurnal changes in dark-acclimated maximum quantum yield
(F/Fy,) in all three diatom species (mean + SD, n = 4)

irradiances with and without UVR. The underlying reasons
for these differences can probably be explained by differ-
ences in the single species’ strategy where to allocate most
energy. Growth (increase in cell number) indicates a net
positive balance of this strategy, but can still be far from
the optimal conditions. We chose to use cell numbers and
not chl a as a measure of biomass because it is a well-
known fact that cellular chl a concentrations can change
rapidly in response to shifting radiation conditions (e.g.
Falkowski and LaRoche 1991). Compared to initial con-
ditions, cell numbers of S. hyperborea were reduced both
with respect to PAR and UVR exposure, while Thalas-
siosira sp., showed higher cell numbers in all treatments
but with different impact (only depth effects were
observed). Least affected was P. glacialis, showing no
significant differences between any of the applied treat-
ments. Apart from being very large (which probably pro-
tects this species better from radiation stress than e.g. the
much smaller Thalassiosira) (cf. Garcia-Pichel 1994), we
also detected in this species the highest amount of UV-
absorbing compounds, probably mycosporine-like amino
acids (MAAs) (Jeffrey et al. 1999).

When exposed to high radiation (energy), the diatom
xanthophyll cycle can modulate excessive energy through
thermal dissipation, i.e. de-epoxidation of diadinoxanthin
(Dd) to diatoxanthin (Dt) (Olaizola and Yamamoto 1994).
It is unclear, however, if the activity of the xanthophyll
cycle prevents UVR stress in microalgae (Buma et al.
2009). For all three species, the xanthophyll-cycle pig-
ments offered potential protection at higher irradiances
(shallower depths), and an increased ratio in Dt/(Dt + Dd)
with UVR exposure was found for Thalassiosira sp., at
0.5 m. Similar findings (increased de-epoxidation under
UVR) was observed for Thalassiosira weissflogii (Buma
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et al. 2009) and Phaeodactylum tricornutum (Goss et al.
1999). Sobrino et al. (2005) concluded that for the marine
picoplankter Nannochloropsis  gaditana (Eustigmato-
phyceae), de-epoxidation was mainly related to protection
from excess PAR, and the UVR response was secondary.
Dimier et al. (2007), hypothesized that the capacity of
short-term pigment variations depends on the ecological
characteristics of the species; short-term photoresponse
being more often activated in highly mixed water columns
than in more hydrodynamically stable ecosystems. Similar
suggestions have also been proposed by Lavaud et al.
(2007). While the de-epoxidation reaction occurs over
minutes (Olaizola and Yamamoto 1994), the relative
increase in total carotenoids to chl a (car/chl a) is probably
a much slower process. Interestingly, also car/chl a showed
depth effects over our 40 h experiments although not sta-
tistically significant for S. hyperborea. Carbon assimilation
is not necessarily protected from UVR through the de-
epoxidation process (Buma et al. 2009), and in our study, it
is indicated that it does not always protect against exces-
sive PAR; despite significantly higher ratio of (Dt/
(Dt 4+ Dd) and car/chl a, an irradiance (depth) effect was
still found for both S. hyberborea and Thalassiosira sp.,
with more cells at 8 m compared to 0.5-m depth. Also,
with respect to their fatty acid composition P. glacialis
seemed least affected from the applied exposure, compared
to the other two species. Diurnal changes in maximum
quantum yield were found in all three species, with a
typical mid-day depression during highest solar elevation
(Falkowski and Raven 1997). However, while algae at
lower latitudes usually experience a dark night where
potential photodamage can be repaired, they are exposed to
continuous light at high latitudes during summer. In
accordance with the results by Schofield et al. (1995), the
recovery started already during the afternoon. The highest
maximum quantum yield was measured shortly after the
lowest solar angle and was similar in all three species
(about 0.4). The decrease in photosynthetic yield during
exposure to increasing irradiances, however, showed that
the pennate diatom Synedropsis hyperborea had a less
dynamic response compared to the two centric species and
maintained a significantly higher maximum quantum yield
during mid-day photoinhibition (0.28 vs. 0.12). Photoin-
hibition occurs when the rate of excitation absorbed by
reaction centres exceeds the rate of photochemistry. The
latter is limited by the rate of electron transport compo-
nents to Rubisco, and is, hence, temperature dependent
(Falkowski and Raven 1997). Although the diatoms in our
experiments were exposed to similar intensities and doses,
we cannot rule out that the observed responses towards the
experimental treatment have been affected by natural
variations of the radiation conditions during the different
experimental periods.
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The responses of the three different diatom species
towards the exposure to natural irradiance conditions in
high-Arctic surface waters were very consistent, indicating
that both the induction of defence mechanisms and bio-
chemical changes as a consequence to high-light exposure
are similar, and occurring on very short time scales
(compared to the generation time of these species at low
temperatures). We also found strong species-specific dif-
ferences, with the pennate sea-ice diatom Synedropsis
hyperborea showing the strongest response, and the large
centric diatom Porosira glacialis being least affected. Due
to the short duration of this experiment, we cannot draw
conclusions about long-term responses and adaptation
potential. But it is probably reasonable to assume that
there will be species-dependent differences in those as
well. Hence, the changing Arctic light climate that
accompanies the ongoing decrease in sea ice thickness has
the potential to change the composition of microalgal
communities, their growth and biochemical composition
based on their photophysiological characteristics.
Although not studied here, such alterations have the
potential to cause indirect effects on grazers and other
higher trophic levels as well.
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