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 ABSTRACT: Ice algae are key contributors to primary production and carbon fixation in 19 

the Arctic and light availability is commonly assumed to limit their growth and productivity. 20 

This study investigated photo-physiological responses in sea ice algae to increased 21 

irradiance during the spring bloom at Kangerlussuaq Fjord, West Greenland. During a 14-22 

day field experiment, light transmittance through sea ice was manipulated to provide three 23 

under-ice irradiance regimes i.e. low (0.04), medium (0.08), and high (0.16) 24 

transmittances. Chlorophyll a decreased with elevated light availability relative to the 25 

control. Photosynthetic efficiency (ΦPSII_max) showed an initially healthy and productive ice 26 

algae community (ΦPSII_max > 0.6) with ΦPSII_max decreasing markedly under high light 27 

treatments. This was accompanied by a decrease in the light utilization coefficient (α) and 28 

photosynthetic capacity (rETRmax), and a decrease in the ratio of MUFA:PUFA fatty acids.  29 

This was partly explained by a corresponding increase of photoprotective pigments 30 

(diadinoxanthin and diatoxanthin), and a development of  mycosporine-like amino acids 31 

(MAAs) as identified from a distinctive appearance of a spectral absorption peak at 360 32 

nm. After 14 days, in situ fluorescence imaging revealed significant differences in 33 

ΦPSII_max between treatments of dark-adapted cells (i.e., those sampled before sunrise 34 

and after sunset), during diel cycles, with clear chronic photoinhibition in high and medium 35 

treatments. These data demonstrate the high sensitivity of spring blooming Arctic sea ice 36 

algae to elevated irradiance caused by loss of snow cover. This known loss will impact 37 

negatively on ice algae and their potential primary production and nutritional quality for 38 

higher trophic levels. 39 

KEY WORDS: Ice algae, high light, photophysiology, pigments, fatty acids, changing 40 

Arctic, Kangerlussuaq, Greenland 41 
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1. INTRODUCTION 42 

   Sea ice algae are important primary producers in polar ecosystems, especially in the 43 

early spring, where they constitute the main carbon source for higher trophic levels during 44 

the ice-covered period (Gosselin et al. 1997, Pabi et al. 2008; Fernández-Méndez et al. 45 

2015. Their development is a function of light, temperature, nutrient availability and 46 

salinity experienced during the growth season, and available light is particularly vital in 47 

controlling spring growth and timing of the ice algae bloom (Mock & Gradinger 1999, 48 

Campbell et al. 2014). The photobiology of sea ice algae is characterized by extreme 49 

shade adaptation and the ability to acclimate to very low light intensities (Mock & 50 

Gradinger 1999, Leu et al. 2010, Galindo et al. 2017), with recent studies of active 51 

photosynthesis and growth at irradiances as low as 0.2 µmol photons m-2 s-1 (Hancke et 52 

al 2018). Conversely, they are highly susceptible to photoinhibition and photodamage at 53 

high irradiances (Lund-Hansen et al. 2014, Kauko et al. 2018) especially during sudden 54 

increases in irradiance associated with events such as snow melt (Hawes et al. 2012). 55 

Unlike phytoplankton, in which photoinhibition can be ameliorated by vertical movement 56 

in the water column by advection of water masses and fluctuating irradiance, ice algae 57 

are fixed in position under the sea ice and are unable to avoid whatever irradiance is 58 

transmitted to the underside of the sea ice. Several recent studies have documented 59 

losses of sea ice algal biomass and changes in species composition following an 60 

increased irradiance (Leu et al. 2010; Lund-Hansen et al. 2014), and there are also 61 

concerns that photodamage and stress may affect their nutritional quality and hence 62 

contribution to higher trophic levels (Leu et al. 2010). Light availability to the sea ice algae 63 

community is primarily a function of snow cover, as snow with its high albedo (> 0.8) and 64 
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scattering coefficients efficiently reduces light transmittance of photosynthetically active 65 

radiation (PAR) (Mundy et al. 2007, 2011; Hancke et al. 2018, Lund-Hansen et al. 2018. 66 

However, recent decades of meteorological data demonstrate a decrease in snow cover 67 

thickness in the Arctic Ocean related to climate change (Warren et al. 1999). Snow depth 68 

has decreased by 37% in the western Arctic and 56% in the Beaufort and Chukchi Seas 69 

based on nearly 40 years of observations (Webster et al. 2014). This decrease has been 70 

related to global warming, with a later freeze-up of ice during autumn and accordingly a 71 

shorter period for snow to accumulate on the ice, as most of the snowfall occurs during 72 

autumn (op. cit). The thinning of the snow cover and decrease in the minimum summer 73 

ice extent has led to suggestions of earlier and higher annual pelagic primary production 74 

(Assmy et al. 2017; Kauko et al. 2018) as observed on the summer ice-free Arctic shelfs 75 

(Arrigo et al. 2008), and as projected for an ice-free Central Arctic Ocean in summer 76 

(Lund-Hansen et al. 2020). The climate-driven shift to less multi-year and more annual 77 

first-year sea ice during the Arctic summer with less snow cover will also increase PAR 78 

availability over the growth season (Nicolaus et al., 2012). The possibility of ice algae 79 

experiencing photoinhibitory irradiances is therefore also enhanced, and their persistence 80 

in sea ice will depend on their ability to acclimate to both short- and long-term changes in 81 

irradiance. Key photophysiological mechanisms involved in ice algae light acclimation 82 

include changes in pigment composition, including chlorophyll content and synthesis of 83 

photoprotective carotenoids (Petrou et al. 2011). The accumulation of UV-absorbing 84 

mycosporine-like amino acids (MAAs) is also a known photoprotective mechanism in 85 

diatoms (Helbling et al. 1996, Piiparinen et al. 2015). A key indicator of physiological 86 

condition and photoacclimation in situ in recent studies has been the maximum quantum 87 
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yield of photosystem II (ΦPSII_max) and photosynthesis-irradiance (P-E) responses as 88 

revealed by pulse-amplitude modulated fluorescence (PAM) methods (Hawes et al. 2012, 89 

Lund-Hansen et al. 2014). These variable fluorescence techniques can also assist with 90 

characterizing how algae acclimate to changes in irradiance experienced over periods of 91 

days to hours, for instance by applying photosynthesis-irradiance response curves or 92 

from short term acclimation revealed by rapid light curves (RCLs) (Ralph & Gademann 93 

2005). In sea ice algae, the maximum photosynthetic efficiency defined by ΦPSII_max is a 94 

highly sensitive indicator that typically increases from < 0.2 to > 0.5 during the spring 95 

bloom in healthy growing cells, and decreases rapidly in response physiological stressors, 96 

as for instance to prolonged elevated irradiance. The overall objective of this study was 97 

to investigate photophysiological acclimation in a land-fast first-year sea ice algae 98 

community during spring. Specifically, we aimed to test how manipulating snow cover 99 

thickness elevated the light availability and its effects on four important features of the ice 100 

algal community. These were (1) the temporal development and degree of photoinhibition 101 

experienced by the ice algal community, (2) the rate at which the photoprotective 102 

mechanisms of the community respond to photoinhibition and whether there is a specific 103 

sequence of their manifestation, (3) how increased light affected photophysiological 104 

parameters, and (4) the consequences of photophysiological stress on algal fatty acid 105 

synthesis. The latter is an effect that will have consequences for the quality of feed to the 106 

food web with ice algae being the primary producers of carbon. 107 

 108 

 109 
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 110 

 2. MATERIALS AND METHODS 111 

2.1 Study site and experimental design 112 

  The experimental site is on first-year level sea ice at Kangerlussuaq (66° 57.33’N, 50° 113 

57.09’W), a 180 km long fjord-type estuary (Lund-Hansen et al. 2014) near the Arctic 114 

Circle, west Greenland (Fig. 1). The area has a continental climate due to the nearby 115 

Greenland ice cap with low winter minimum average winter temperatures of -15 to -25 °C 116 

and precipitation of ~5 mm month-1 during December–July (www.altmetstat.com). The 117 

estuary is ice-covered between October and early June with a snow thickness of ~0.5–118 

0.7 m (Lund-Hansen et al. 2014). It is governed by a strong, highly turbid meltwater 119 

outflow (Lund-Hansen et al. 2010) from the Greenland Ice Cap (Hasholt et al. 2012) 120 

between July and September. There is no inflow of freshwater to the estuary during winter 121 

and spring. The tide is diurnal with a maximum spring tide of about 2-3 m (Nielsen et al. 122 

2010). Water depth at the sampling site is ~120 m and the experiment was carried out in 123 

March 2016. 124 

  The experimental design was a 14-day time series with ice algae subjected to three 125 

irradiance regimes, i.e. two perturbation sites and a control with 400%, 200% and 100% 126 

irradiance transmission relative to ambient conditions.  The ~50 mm-deep snow layer was 127 

cleared from two rectangular (12 × 4 m) areas of the fjord sea ice on Day 0 of the study. 128 

One of these areas was covered with a neutral density semi-transparent tarpaulin that 129 

provided 200% under-ice PAR compared to an adjacent control area of equal size that 130 

was undisturbed, retaining the 50 mm snow cover (Fig. 2). The remaining cleared area 131 
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provided 400% irradiance compared to the control. Sampling areas were aligned east to 132 

west to maximize exposure to irradiance and avoid disturbance of the light climate as 133 

sampling progressed westwards. Two recently calibrated Odyssey PAR loggers 134 

(www.odyssey.com) were placed immediately below the ice in the 200% and 400% areas. 135 

A Li-Cor LI-192 PAR sensor was placed below the ice in the control area together with 136 

two surface (LI-191) PAR sensors for measuring downwelling PAR and reflected PAR to 137 

derive the surface albedo. Sensors were connected to a datalogger, which also measured 138 

air temperature at 1 m above the surface. All loggers recorded at 5 min intervals. Below-139 

ice spectral irradiance was measured with a recently calibrated TriOS Ramses ACC VIS 140 

cosine-corrected hyperspectral radiometer (www.trios.com). The sensor had a spectral 141 

resolution of 3 nm and was mounted on a remotely operated vehicle (ROV) (Lund-Hansen 142 

et al. 2018a) deployed through a hole in the ice and connected to a surface PC running 143 

the TriOS standard software.  144 

 145 

2.2 Sampling and ice core processing 146 

  Ice cores were collected with a Kovacs 90 mm ice auger powered by a battery drill. The 147 

ice cores were carefully retrieved and covered with a black cloth to protect them from 148 

photodamage during sampling. The cores were placed in a small cradle and the bottom 149 

30 mm removed under shade using a stainless steel saw. Samples were then transferred 150 

to clean 1 L polyethylene buckets and transported in coolers to the laboratory at 151 

Kangerlussuaq International Science Support (KISS) for further processing within 30 min. 152 

Three samples were collected at each location from each area on sampling Days 0, 3, 9, 153 

http://www.odyssey.com/
http://www.trios.com/
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and 12 between 12 and 25 March 2016, with an additional day for in situ diel sampling of 154 

fluorescence imaging on Day 14 (27 March). Under-ice seawater samples (UIW) were 155 

collected immediately below the ice in 15 L clean polyethylene canisters using a bilge 156 

pump. Upon return to the laboratory, the 30 mm core bottom sections were thawed in 157 

filtered seawater at 4 °C at a ratio of 1:1 ice to water. As the relative merits of different 158 

pre-treatments for variable chlorophyll fluorescence experiments has been debated in 159 

recent studies, we carried out a pilot study to compare fluorescence yield in directly 160 

thawed ice (no seawater), and ice:seawater volumetric ratios of 1:1, 1:2, and 1:3. The 161 

volume of seawater had no effect on fluorescence results, except fluorescence yields 162 

were lower in ice thawed without seawater. The volume ratio of 1:1 was therefore chosen 163 

to maximize sensitivity in analyses. UIW samples were filtered (Millipore Millex-GP 164 

hydrophilic PES 0.22 µm) and frozen in the dark at -18 °C for transport back to Denmark 165 

for analyses. Analyses of ammonia, nitrate + nitrite, silicate, and dissolved reactive 166 

phosphorus were conducted on the samples using a Skalar San Plus auto-analyser with 167 

a Skalar matrix photometric detector at Department of Bioscience, Roskilde, Denmark, 168 

using modified protocols of Grasshoff et al. (1983). 169 

 170 

2.3 Variable Chlorophyll Fluorescence 171 

  Variable chlorophyll fluorescence measurements on ice algae were studied from thawed 172 

ice cores using a Phyto-PAM variable fluorometer (Heinz Walz GmbH, Effeltrich, 173 

Germany), as described by Schreiber et al. (1986). The instrument was placed in a 174 

darkened laboratory and a temperature control unit (Walz US-T) secured the temperature 175 
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inside the cuvette at 4 °C. The variable fluorescence signal was corrected for background 176 

autofluorescence by subtracting the fluorescence from a 0.2 µm filtered subsample. The 177 

technique is based on light saturation pulses with the variable fluorescence Fv given by 178 

Fv = Fm - Fo, where Fo is the minimum chlorophyll fluorescence and Fm is the maximum 179 

fluorescence yield of dark-acclimated algae cells after exposure to a strong (>1500 µmol 180 

photons m-2 s-1) blue light pulse. The saturation pulse method is described in further detail 181 

by Schreiber et al. (1986). Rapid light curves (RLCs) were measured to derive the light 182 

utilization parameter (α), the onset of light saturation (Ek), and the maximum relative 183 

electron transfer rate (rETRmax). RLCs are based on a stepwise increase in actinic light 184 

intensities applied to the sample with 30 seconds at each intensity step interrupted by a 185 

saturation pulse (Schreiber 2004; Ralph & Gademann 2005). The Platt et al. (1980) 186 

equation was used to model α, Ek, and rETRmax using the non-linear regression function 187 

of SigmaPlot version 12.0 (Systat Software Inc., San Jose, CA, USA).  188 

  Variable chlorophyll fluorescence was also measured in situ on freshly collected cores 189 

over a diel cycle at the end of the experiment (27 March, after Day 14) by fluorescence 190 

imaging with a Walz Imaging-PAM fluorometer (Hawes et al. 2012). The imaging-PAM 191 

fluorometer provides a two-dimensional 32 × 24 mm image of the algae distribution and 192 

their physiology from which photosynthetic parameters can be obtained. Further details 193 

of this method are given in Hawes et al. (2012). Here we applied the technique to derive 194 

diel cycles of ΦPSII, the effective fluorescence yield of photosystem II at the immediately 195 

prevailing irradiance. Three replicate ice cores were collected from each of the three 196 

treatment areas (control, 200% and 400%) using a Kovacs ice auger. Samples were 197 

collected at 06:00, 08:00, 10:30, 13:00, 15:00, and 17:00 and great care was taken to 198 
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protect the samples from ambient light using a black cloth. The ice core was placed in the 199 

cradle and the lowermost 30 mm removed using a stainless steel saw. Samples were 200 

imaged immediately after sampling in a dark measuring box housing the imaging-PAM 201 

fluorometer, placed inside a tent on the ice. The 17:00 samples were also returned to the 202 

laboratory in a darkened cooling box and re-imaged at 19:30 and 21:30 to follow the 203 

recovery of the ΦPSII in continuous (post-sunset) darkness. 204 

 205 

2.4 Pigment analysis and species composition 206 

For pigment analysis the ice samples were diluted (1:1) with a known volume of filtered 207 

(0.2 µm) seawater from below the ice to avoid osmotic stress (Garrison & Buck 1986; 208 

Rintala et al. 2014) and thawed in the dark at 4 °C for 24 h. After thawing, an exact volume 209 

(50-100 mL) was filtered on to GF/C Whatman filters with a nominal pore size of 1.2 µm 210 

for chl a and filters stored at -20 °C until returned to Denmark where they were stored at 211 

-80 °C until processing. For extraction of chl a, 5 mL 96% ethanol was added to the filter. 212 

The mix was sonicated for 10 min and stored at 5 °C for 20 h. After extraction the samples 213 

were re-sonicated and centrifuged for 10 min at 4000 rpm. The supernatant absorbance 214 

was determined as FSU with a Turner 10-AU fluorometer calibrated with chl a standards 215 

and concentrations obtained by the linear relationship between chl a and FSU. For further 216 

details on the method see Lund-Hansen et al. (2014). 217 

  For high-performance liquid chromatography (HPLC) analysis a volume of ~350 mL 218 

thawed ice was filtered. The extraction was as per Hou et al. (2011) with slight 219 

modifications. The HPLC filters were placed in cryovials and stored in a liquid nitrogen 220 
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dry shipper (-192 oC) until returned to Denmark where samples were stored at -80 oC until 221 

processing. Filters were cut into small pieces and 2 mL 100 % cold methanol was added. 222 

The mix was sonicated for 30 s and kept in darkness at -20 °C. The extract was then 223 

filtered through 0.22 µm Q-Max® RR Syringe filters directly to HPLC vials. The extract 224 

was injected using an automated sampler into a Thermo Scientific Ultimate 3000 high-225 

performance liquid chromatograph fitted with a diode array detector, with the detector 226 

signal monitoring at λ = 450 nm (Hou et al. 2011). A Kinetex 2.6 µ C8 100 Å column (100 227 

mm x 3.0 mm ID) was used to separate the samples, with a mobile phase A as 100% 228 

methanol:1M ammonium acetate (70:30) and a mobile phase B as 100% methanol. The 229 

gradient of the mobile phase was started with 80% of A (20% of B), and then linearly 230 

decreased to 5% of A (95% of B) in 10 min. Finally, it was returned to initial conditions for 231 

2 min and held for an extra 2 min. The flow rate was 0.5 ml min-1, the column oven was 232 

set to 50 °C, and the injection volume was 20 µL for the most concentrated pigments; for 233 

other samples this was reduced to 5 or 0.5 µL. We focus here on fucoxanthin (fuco), 234 

diadinoxanthin and diatoxanthin (ddx+ddt), as the dominant carotenoids in the ice-algae.  235 

For comparison between samples, the HPLC pigment concentrations were normalized to 236 

chl a. 237 

  Subsamples of 75 mL from each treatment of the thawed ice were preserved with acidic 238 

Lugol’s iodine (final concentration 1%). The Utermöhl method (1958) was applied for 239 

enumeration of cell densities. Samples were mixed 25 times and poured into 10 mL 240 

settling chambers for 20-24 h. Counting was done using an inverted microscope (Nikon 241 

Eclipse Ts2R-FL) equipped with phase contrast. Counting was done in diagonals or half-242 

chambers. If possible at least 400 cells were counted independent of area. 243 
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 244 

2.5 Spectral absorption 245 

Samples for spectral absorption were taken from the diluted (1:1) and thawed ice cores. 246 

Volumes of ~250 mL were filtered onto Whatman GF/C filters including four additional 247 

filtered samples of sea water to be used as blanks. All samples were packed, marked 248 

individually and stored at -20 °C and transported back to Denmark and then stored at -80 249 

°C until processing. Optical density was measured on the filters between 350 and 750 nm 250 

on a Shimadzu UV 2600 spectrophotometer with an attached integrating sphere. The 251 

optical density of algae (ODp) was measured by soaking the filters in 50-100 µL MQ-water 252 

in 5 min in darkness before the samples were placed in the spectrophotometer to obtain 253 

the spectral absorption coefficient for phytoplankton 𝑎𝑎𝜑𝜑(𝜆𝜆). Afterwards the filters were de-254 

pigmented by adding 5-15 mL methanol for 3 h and the filters were dried and soaked in 255 

150-170 µL MQ-water. The optical density of de-pigmented particles (ODd) was then 256 

measured on the spectrophotometer. The spectral absorption coefficient - aφ(λ) - was 257 

then calculated as:  258 

                              𝑎𝑎𝜑𝜑(𝜆𝜆) = 2.303∗𝐴𝐴𝑓𝑓∗�𝑂𝑂𝐷𝐷𝑝𝑝(𝜆𝜆)−𝑂𝑂𝐷𝐷𝑑𝑑(𝜆𝜆)�
𝛽𝛽∗𝑉𝑉𝑓𝑓

                                                          (1) 259 

 260 

with Af as the effective area of the filter (m2), Vf the volume of the filtered sample (m3). 261 

Both ODp and ODd are corrected for blanks, and β is set at 2, the correction for path length 262 

amplification within the glass fibre filter (Cleveland & Weidemann 1993; Mitchell 2002). 263 
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The spectral absorption coefficient aφ(λ) was divided by the chl a concentration of the 264 

sample to get the chl a-specific absorption coefficient  a*φ(λ). 265 

2.6 Fatty acid analysis 266 

Subsamples of 200-300 ml thawed ice were filtered onto 25 mm pre-combusted glass 267 

fibre filters (GF75 Advantec). The filters were transferred to cryovials and stored in a liquid 268 

nitrogen dry shipper (-196 °C) for transportation to Denmark and then stored at -80 °C 269 

until analysis. The fatty acid composition was determined after fatty acid methylation and 270 

analysis on a gas chromatograph equipped with a flame ionization detector (GC-FID). 271 

The filters were transferred to tubes and 2 mL sodium hydroxide added. This mixture was 272 

exposed to ultra-sonication for 20 min before extraction. 2 mL boron trifluoride in methanol 273 

(BF3-MeOH) was added and methylated by boiling. 1 mL heptane with 0.01% (w/v) 274 

butylated hydroxytoluene (BHT) and 5 μL of internal standard (2% w/v C23:0 in heptane) 275 

were then added. The heptane phase of the sample was transferred to GC vials and 276 

analysed by gas chromatography (HP-7890 A, Agilent Technologies, CA, USA). Fatty 277 

acid methyl esters were separated and detected by the GC column Agilent DB wax 127-278 

7012 (10 mm x 100 mm x 0.1 mm) from Agilent technologies (CA, USA). The oven 279 

temperature program was from the initial temperature of 160 °C increased by 10.6°C min-280 

1 to 200 °C, held for 0.3 min, then increased by 10.6 °C min-1 to 220°C and held 1 min, 281 

then by 10.6°C min-1 to 240°C and held 3.8 min. A split ratio of 1:50 was used and the 282 

determination was made in duplicates. Fatty acids were identified by comparison of 283 

retention times with a mixture of standards, containing all the fatty acids identified in this 284 

study. Results were calculated as area % of total fatty acids. 285 
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 286 

 287 

 288 

2.7 Statistical analysis 289 

  Chl a, maximum fluorescence yield (ΦPSII_max), RLC data and the ratio of MUFA to PUFA 290 

were analyzed by 2-way (treatment and sampling date) ANOVA, with treatment as a fixed 291 

factor and sampling dates as a random factor. Post-hoc Tukey HSD tests were then used 292 

to evaluate when there were significant differences between treatments during the study. 293 

Prior to ANOVA, data were checked for normality and homogeneity of variances with 294 

Levene’s test, and were log-transformed when necessary to correct for deviations from 295 

these assumptions. All statistical analyses were performed with JMP Version 12.1.0 (SAS 296 

Institute Inc., Cary, NC, USA). 297 

 298 

3. RESULTS 299 

3.1 Climatic conditions, optics and nutrient availability 300 

  The 14-day period of the experiment encompassed initial cold, clear weather over the 301 

first five days, followed by a snowfall event and increased air temperatures (Fig. 2A). Daily 302 

maximum downwelling PAR was 600 µmol photons m-2 s-1 during the initial five-day period 303 

and increased to 900 µmol m-2 s-1 during the rest of the study (Fig. 2B). A similar pattern 304 

was observed below ice at the perturbed sites but at reduced levels (Figs. 2C, 2D). 305 

Maximum PAR irradiance varied between 10-30 µmol photons m-2 s-1 in the control area, 306 

30-60 µmol photons m-2 s-1 in the 200% area, and 60-140 µmol photons m-2 s-1 in the 307 
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400% area. Light transmittances were 0.16 at the 400%, 0.08 at the 200%, and 0.04 at 308 

the control sites, respectively, which demonstrated how transmittance increased by 200% 309 

and 400% respectively at the perturbed sites. Sea ice thickness varied between 79 and 310 

80 cm with no changes in ice thickness over time. The snowfall event of 18-19 March 311 

increased snow thickness from about 10 mm to 50 mm and reduced under-ice PAR at 312 

the control site to about 1% of downwelling PAR (Fig. 2D). Transmittances in the 200% 313 

and 400% treatments remained constant as we removed any drifting snow on a daily 314 

basis but left the control area undisturbed. Integration of daily PAR during the study period 315 

gave total PAR values of 7.4, 15.7, and 29.3 mol m-2 per day in the control, 200%, and 316 

400% sites, respectively. Spectral irradiances below the ice measured on 13 March show 317 

a comparable gradient to PAR between the three areas and that relative spectral 318 

distribution was similar in the three areas. The UV-A intensities (W m-2), obtained by 319 

integration of the spectral irradiance between 320-400 nm, reached 0.4, 2,0 and 3.7 W 320 

m-2 in the control, 200%, and 400% areas. Measured PAR levels from where the UV-A 321 

intensities were derived all complied with maximum PAR levels in each of the three areas: 322 

21.1 (control), 66.5 (200%), and 121.0 (400%) µmol photons m-2 s-1. The nutrient 323 

concentrations in the UIW were 3.60 (NO3), 0.12 (PO4), and 7.01 (SiO2) µmol L-1. 324 

 325 

3.2 Responses of ice algal communities, pigments and ΦPSII_max 326 

  Algal species composition was dominated by diatoms, but dinoflagellates and several 327 

small unidentified flagellates were also present. There was one unidentified and six 328 

identified  diatom species (Nitzschia longissima, Nitzschia frigida, Thalassiosira sp., 329 

https://www.google.dk/search?client=firefox-b-ab&q=Nitzschia+longissima&spell=1&sa=X&ved=0ahUKEwjJrp2S7J7UAhXCCSwKHZQCBn8QvwUIJSgA
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Bacillaria pax, Entomoneis paludosa, Gyrosigma/Pleurosigma sp.), dominated by the 330 

pennate N. longissima, N. frigida, and the centric Thalassiosira sp. (~1000-1500 cells mL-331 

1). Other taxa were few in numbers (< 100 cells mL-1). There was a decrease in cell 332 

numbers of the unidentified diatom, from an average of 1500 to ~100 cells mL-1 along 333 

with a decrease in Thalassiosira sp., in all three areas over the course of the experiment. 334 

The unidentified diatom was a comparatively small species about 10 µm length and 1-2 335 

µm width. There was, in comparison, an increase in N. longissima from 963 to 1400 cells 336 

mL-1 in the 400% area between the start and end of the experiment, and similarly for N. 337 

frigida, which increased by 883 cells mL-1. In summary, the overall number of cells did not 338 

change significantly during the course of the experiment. 339 

  ANOVA revealed significant effects of treatments on ice algae expressed as chl a, that 340 

developed over the course of the experiment (Table 1). There was no significant 341 

difference in chl a between the three areas at the start of the experiment, but by Day 9 342 

chl a in both 200% and 400% treatments had fallen below the control treatment (Fig 3A). 343 

This difference persisted for the remainder of the experiment, with the 200% and 400% 344 

treatments not differing significantly from each other. 345 

HPLC data showed that the ratio of the light-harvesting pigment fucoxanthin 346 

normalized to chl a concentration (fuco:chl a) did not differ significantly between 347 

treatments (F = 1.25, P = 0.32). However, this ratio was higher in ice algae (mean ± 1 SD 348 

of all samples = 1.97 ± 0.27) than in phytoplankton from the UIW (0.04 ± 0.02). Ratios of 349 

the light-protecting pigments diadinoxanthin and diatoxanthin to chl a (ddx + ddt:chl a) 350 

were significantly lower overall in the control (0.17 ± 0.02) than in the 200% (0.21 ± 0.06) 351 

and 400% (0.28 ± 0.09) treatments (F = 3.31, P < 0.05); these ice algal ddx + ddt:chl a 352 

https://www.google.dk/search?client=firefox-b-ab&q=Nitzschia+longissima&spell=1&sa=X&ved=0ahUKEwjJrp2S7J7UAhXCCSwKHZQCBn8QvwUIJSgA
https://www.google.dk/search?client=firefox-b-ab&q=Nitzschia+longissima&spell=1&sa=X&ved=0ahUKEwjJrp2S7J7UAhXCCSwKHZQCBn8QvwUIJSgA
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data can again be contrasted against low values (always < 0.01) in the under-ice 353 

phytoplankton. 354 

  These community and pigment responses were accompanied by significant effects of 355 

increased irradiance on ΦPSII_max, the maximum dark-adapted yield, as measured in 356 

Phyto-PAM samples (Table 1). ΦPSII_max began to decrease in the 400% treatment already 357 

by Day 6, and from Day 9 onwards was significantly different in all three areas, remaining 358 

highest (> 0.60) in the control treatment, and ultimately stabilizing at particularly low yields 359 

(< 0.50) in the 400% treatment (Fig. 3B). 360 

 361 

3.3 Rapid light curves 362 

  Photosynthetic acclimation to differences in irradiance over time were also evident in 363 

RLC data (Table 1, Fig. 4).  ANOVA analysis of the RLCs revealed significant differences 364 

in rETRmax developing over the course of the experiment (Table 1, Fig. 4A). Initially 365 

rETRmax did not differ between treatments, but on Days 9 and 12 it had become 366 

significantly lower in the 200% and especially in the 400% treatments (Fig. 4A). Significant 367 

differences in the photosynthetic efficiency α were also evident by Day 12 (Table 1, Fig. 368 

4B), with α becoming lower in the 400% treatment than the other treatments. The light 369 

saturation irradiance Ek was, on the other hand, unaffected by the irradiance treatments 370 

(Table 1, Fig. 4C). 371 

 372 

  3.4 Spectral absorption 373 
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  There were two significant peaks in the normalized (670 nm) chl a-specific absorption 374 

coefficient a*chl-a around 440 nm and 670 nm at all four samplings. There was, besides 375 

these two consistent peaks, a very significant development of strong absorption peaks 376 

centered at 360 nm in both the 400% and 200% treatments (Fig. 5). There were, on the 377 

other hand, no changes in the absorption at 360 nm in the control treatment (Fig. 5). 378 

  379 

  3.5 Fatty acids 380 

  PUFAs were the dominant (28-36%) fatty acids with 20:5(n-3) (10-15%) and 22:6(n-3) 381 

(4-5%) as the dominant PUFAs. MUFAs were less dominant (19-31%), dominated by 382 

16:0 (15-18%), 16:1(n-7) (15-18%), 14:0 (4-8%), and 18:0 (2-5%). There was a significant 383 

decrease in PUFAs in all three areas and especially after Day 6 from about 35% to 27%, 384 

and a parallel increase in MUFAs from about 19% to 25% during the study period, shown 385 

for the 400% area (Fig. 6). SAFA content was close to constant and similar in all three 386 

areas at about 26% of total fatty acid composition. The MUFA:PUFA ratio increased over 387 

time from about 0.5 to about 0.9, and ANOVA revealed a significant lower MUFA:PUFA 388 

ratio in the 200% and 400% areas compared to the control area by Days 12 and 14 (Table 389 

1, Fig. 6). The MUFA/PUFA ratio increase was linked to an increase in the MUFA content 390 

of 16:1(n-7), which increased by 12.9% point between start and end of experiment in the 391 

400% area, and a parallel reduction of the PUFAs  20:5(n-3) and 22:6(n-3) by 4.6 and 392 

2.7. 393 

 394 

 395 
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 396 

3.6 Response times 397 

Significant changes in fluorescence yield (ΦPSII_max) occurred after Day 6, but not until 398 

after 9 and 12 days from the beginning of experiment for electron transfer rates (rETRmax) 399 

and light utilization (α), respectively. Changes in pigment composition occurred after Day 400 

6 along with the development in MAAs, whereas a significant loss of chl a first occurred 401 

at Day 9 concurrent with a loss of cells of the unidentified pennate diatom. Changes in 402 

fatty acid compositions occurred on Day 12. There were no differences in the response 403 

time of photoprotective parameters, as compared to the photophysiological parameters. 404 

It is notable that the response time of maximum fluorescence yield (ΦPSII_max), which is 405 

the major photophysiological parameter in fluoresence based analyses, was similar to 406 

those of the pigments and MAAs.  407 

 408 

 3.7 Diel cycles of photosynthetic efficiency 409 

  In situ fluorescence imaging at the end of the experiment (Day 14) identified diel cycles 410 

in ΦPSII with ΦPSII decreasing in all three areas in response to the diurnal increase in 411 

under-ice PAR, and conversely recovering between noon and sunset as irradiance 412 

decreased (Fig. 7A). ΦPSII continued to increase after sunset before returning to dark-413 

acclimated ΦPSII_max levels between 20:00 and 21:00 h in all three treatments. 414 

Fluorescence yields were significantly different between the three treatments throughout 415 

the diel cycles (Table 1). Even the dark-acclimated  ΦPSII_max values before sunrise and 416 

after sunset were highest in the control treatment and lowest in the 400% treatment, and 417 
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daytime irradiance caused even greater difference in ΦPSII between treatments. There 418 

was a uniform exponential (r2 = 0.91) decrease in ΦPSII vs irradiance across all data points 419 

from all three treatments (Fig. 7B). These data from 27 March at the end of the experiment 420 

reflect the cumulative light history of algae exposed to 14 days of the different PAR levels 421 

in the three treatments. 422 

 423 

4. DISCUSSION 424 

4.1 Snow-clearing experiments and light treatments 425 

  In this study we were able to establish three very distinct irradiance regimes for ice algae 426 

communities under sea ice, with differences in light availability driven by the difference in 427 

sea-ice snow cover due to its strong light attenuation properties (Mundy et al. 2005). The 428 

unperturbed control site, elevated 200% and elevated 400% treatments provided a 429 

gradient and an intensive in situ time series over 14 days through which we were able to 430 

determine the time required for significant photoinhibitory effects to develop in an ice 431 

algae community, and the extent to which photoprotective responses could ameliorate 432 

these effects. To our knowledge, this is the first study to measure photophysiology using 433 

variable fluorescence, community structure, pigment composition, MAA development, 434 

and food quality simultaneously in the same study. 435 

  Ice algae communities are adapted (i.e. long-term genetically customized) to very low 436 

light levels (Arrigo et al. 2008; Hancke et al. 2018) due to their position below sea ice, 437 

which is  often covered with snow. Snow is a strong attenuator of irradiance (Perovich et 438 

al. 2017) relative to sea ice itself, with PAR attenuation coefficients of 11.9 and 0.84 m-1 439 
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respectively (Lund-Hansen et al. 2018). This is driven by the high albedo of snow (0.8-440 

0.9) where snow transmittance, besides thickness, also depends on water content, 441 

compaction, and age (Perovich et al. 2017). This emphasizes the importance of the snow 442 

cover as the critical regulator of under-ice irradiance and hence light availability to ice 443 

algae. Ice algae biomasses are often negatively correlated with snow cover thickness 444 

(Leu et al. 2015) as is their primary production, a vital contribution to higher trophic levels 445 

during the ice-covered spring before commencement of the pelagic production (Mundy et 446 

al. 2014). In this context, snow removal on sea ice is an appropriate experimental design 447 

for studying the effects of elevated irradiances over time and photophysiological and 448 

photoprotective responses of ice algae communities (Juhl & Krembs 2010; Lund-Hansen 449 

et al. 2014). Below-ice PAR levels remained quite stable during the experimental period, 450 

and any possible effects of the observed increase in PAR levels will only have amplified 451 

the effects related to increased PAR. The snowfall related decrease in under-ice 452 

maximum noon PAR in the low light area from about 30 to 10 µmol photons m-2 s-1, would 453 

presumably have enhanced experimental effects, by broadening the interval between low 454 

(10 µmol photons m-2 s-1) and high (140 µmol photons m-2 s-1) under-ice maximum mid-455 

day PAR 456 

  Indeed, snow removal has resulted in reduction in photosynthetic activity and algal 457 

biomass in some previous studies. A combined laboratory and field study of snow 458 

thickness and ice algae photosynthesis observed significant effects at PAR interval levels 459 

up to 100 µmol m-2 s-1 (Juhl & Krembs 2010). Removal of a 10 cm thick snow cover - also 460 

in Kangerlussuaq - increased under-ice maximum PAR from about 30 to 250 µmol m-2 s-461 

1, causing significant decreases in photosynthetic parameters, chl a concentrations, and 462 
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an entirely changed species composition (Lund-Hansen et al. 2014). Other ice algae 463 

studies have also shown significant changes in photosynthetic performance and chl a 464 

concentrations relative to different under-ice PAR levels between 0.02 - 100 µmol m-2 s-1 465 

(Grossi et al. 1987). This demonstrates that the PAR levels in the present study (10-140 466 

µmol m-2 s-1) are within the range in which ice algae have been observed to respond to 467 

changes in PAR. The present under-ice levels are similar to other Greenland (Mikkelsen 468 

et al. 2008; Lund-Hansen et al. 2018) and Canadian Arctic ice algae study sites (Mundy 469 

et al. 2014; Campbell et al. 2014) with comparable snow cover thickness. This further 470 

demonstrates the relevance of the present results for the larger regional scale of the 471 

Arctic.  472 

 473 

4.2 Effects of light on ice algal chl a and species composition 474 

  The sea ice chl a concentrations (0.5-1.5 mg chl a m-2) in this study were similar to 475 

previous concentrations described in Kangerlussuaq in March (Hawes et al. 2012; Lund-476 

Hansen et al. 2014). They are nevertheless up to three times higher than other Greenland 477 

fjords such as Kobbefjord (0.5 mg chl a m-2), south of Kangerlussuaq, and on the high 478 

Arctic east coast at Young Sound (0.5 mg chl a m-2) at the same time of year (Rysgaard 479 

et al. 2001). These chl a concentrations in Greenland are, however, relatively low 480 

compared to other Arctic sites at maximum bloom (20-40 mg chl a m-2, e.g., Leu et al. 481 

2015).  482 

  The wide range in species composition and biomass of sea ice algae recorded in polar 483 

regions is testimony to the sensitivity of these communities to relatively small variations 484 
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in the immediate light climate they experience, and the history of irradiance they have 485 

been subject to during the growth season. Any particular sampling programme is a 486 

snapshot of a community integrating a light history of days or weeks in advance, and 487 

almost all previous studies have demonstrated that even small changes in available PAR 488 

lead to dramatic community changes during the spring bloom season. In this study, chl a 489 

remained unchanged in our control area, in contrast to the significant decrease from about 490 

1.2 to 0.8 mg chl a m-2 at the perturbed sites with elevated under ice irradiance. We 491 

previously observed that exposure of under–ice algae to increased PAR from about 30 to 492 

250 µmol m-2 s-1 over a ten-day period caused a significant decrease in chl a from about 493 

0.8 to less than 0.05 mg chl a m-2, specifically related to the pennate diatom Fragilariopsis 494 

oceanica leaving the ice (Lund-Hansen et al. 2014). In the present study, the initial 495 

community was very different from that of 2011 and the chl a decrease was accompanied 496 

by reduced representation of an unidentified diatom along with a Thalassiosira sp. that 497 

decreased in numbers during the study period. These are both pennate diatoms, motile 498 

in the sea-ice matrix (Horner 2018), and hence the decreased chl a could reflect that 499 

these algae can actively respond to higher PAR levels by leaving the ice. The ice algae 500 

species composition was here instead dominated by the two Nitzschia species N. 501 

longissima and N. frigida, and the unknown diatom, which is quite different from the 502 

composition in 2011 that was initially dominated by Achnanthes taeniata and 503 

Fragilariopsis oceanica (Lund-Hansen et al. 2014). Juhl & Krembs (2010) showed in 504 

laboratory experiments that N. frigida can persist and thrive at relatively high PAR, which 505 

might explain the observed increase in N. frigida numbers from 1428 to 2311 cells mL-1 506 

between the start and end of this experiment in the 400% area. The different species 507 
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composition compared to 2011 and the presence of the high-light tolerant N. frigida 508 

suggests that the experimental site had been exposed to periods of high light before the 509 

experimental period. This is supported by observations of a week-long period in February 510 

2016 where the ice was nearly snow-free due to snowmelt (Rika Møller, KISS Manager, 511 

pers. com). It is likely that the absence of snow in February increased under-ice PAR, 512 

which then promoted a different species composition and the occurrence of N. frigida in 513 

higher numbers compared to 2011, where a hard-frozen 10 cm thick layer of snow 514 

covered the sea ice (Lund-Hansen et al. 2014). 515 

 516 

4.3 Algal photobiology and photoprotection 517 

  The sensitivity of ice algal photophysiology to changes in irradiance is a recurring feature 518 

in understanding their development, persistence and species composition (Campbell et 519 

al. 2014; Kauko et al. 2018). Increasing spring irradiance allows algal development in a 520 

wide range of ice habitats, and generally, habitats with higher light availability have higher 521 

algal biomass as the spring bloom persists (Leu et al. 2015). However, ice algae are 522 

necessarily strongly shade-adapted organisms given their need to develop under extreme 523 

low irradiance under snow-covered ice. Their shade adaptation and acclimation makes 524 

them prone to photoinhibition under elevated irradiances exceeding the acclimated levels, 525 

especially as they are fixed in position and hence unable to mechanically avoid excess 526 

irradiance, as for instance benthic microalgae that migrate downward in sediments (Haro 527 

et al. 2019). The community response to sudden increases in irradiance is typically a 528 

rapid decrease in chl a content and increased synthesis of photoprotective pigments 529 
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(Nymark et al. 2009; Lavaud and Goss 2014). Community responses can reflect several 530 

processes, including (i) decreased cellular pigment content (both chl a and other light 531 

harvesting pigments), (ii) mortality or emigration of sensitive taxa from the ice, and (iii) 532 

flushing and sloughing of cells from the ice if elevated irradiance leads to warming and/or 533 

thawing of the ice. The ice algal community at Kangerlussuaq during the spring bloom is, 534 

however, restricted to the skeletal layer on the underside of the ice (Lund-Hansen et al. 535 

2016), and there is no evidence for any such physical losses as the ice remained cold 536 

and intact. Nor is there any sign of nutrient or temperature limitation for the ice algae 537 

community during the spring period, given the excess nutrients available below the ice at 538 

this time. Nutrient concentrations in the UIW during the study were similar to 539 

concentrations measured previously at the same site and time of year (Lund-Hansen et 540 

at. 2014). In the ice-free summer period, NO3 can fall to 0.61 µmol L-1 in August due to 541 

phytoplankton N demand (Lund-Hansen et al. 2018), but the low biomass and high NO3 542 

concentrations in March are consistent with ice algae and phytoplankton spring blooms 543 

yet to commence. 544 

  In the current study, the constant total cell numbers throughout the 14-day period 545 

accompanied by decreased chl a and decreased fuco:chl a ratio and change in species 546 

composition indicates acclimation to higher light by those taxa persisting after snow 547 

removal and also high irradiance acclimation by the new colonisers (Nitzschia longissima  548 

and N. frigida). The increased ddx+ddt:chl a ratio and appearance of absorption peaks 549 

consistent with mycosporine-like amino acids (MAA) development (see below) are both 550 

clear indicators of a community that is attempting to manage irradiances exceeding its 551 

light harvesting capacity. To our knowledge, the present data are the first to identify 552 
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simultaneous acclimation by these two mechanisms at the same time during an in situ 553 

experiment. 554 

  As the ddx+ddt:chl a ratio and MAA development are suggestive of a response to 555 

photoinhibition, this should be evident also from measuring photophysiology responses 556 

of the algae community. Such can be achieved using variable chlorophyll fluorescence 557 

methods, which have become an important technique for understanding ice algal 558 

photoacclimation responses (Hawes et al. 2012; Lund-Hansen et al. 2016). Our 559 

complementary application of PAM-fluorometry using both thawed ice in the Phyto-PAM 560 

and in situ fluorescence imaging provides solid insight into the development and 561 

photophysiological effects of photoinhibition during elevated light regimes. Notably, the 562 

parameter that responded most rapidly to increased irradiance was ΦPSII_max, decreasing 563 

significantly already by Day 6, before any change in pigment composition or MAA 564 

development were evident. This confirms the importance of ΦPSII_max as a sensitive and 565 

early indicator of ice algal activity and production. Increasing ΦPSII_max values during 566 

spring blooms are useful rapid indicators of increasing activity during the earliest onset of 567 

the bloom (Hancke et al. 2018), and here in detecting progressive photoinhibition. The 568 

ΦPSII_max values > 0.6 at the control site were as high as any recorded for sea ice algae 569 

(Hawes et al. 2012), indicting a healthy and highly productive community. At the perturbed 570 

sites, the continuous decline of ΦPSII_max demonstrated how the photoprotective 571 

mechanisms were insufficient to restore ΦPSII_max to its pre-perturbed level. The 572 

subsequent decrease in rETRmax and α and lack of increase in Ek further emphasise the 573 

inability of the community to fully acclimate to the elevated irradiances at the perturbed 574 

sites. 575 
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  The diel cycles of ΦPSII established by in situ fluorescence imaging confirm chronic 576 

photoinhibition as a response to elevated irradiance, demonstrated by (i) the failure of 577 

ΦPSII in the two snow-cleared areas to return to similar ΦPSII_max values to the control in 578 

the dark, and (ii) the very low values of ΦPSII at the highest irradiances. Overall, the effects 579 

observed are of a community that becomes rapidly photoinhibited by the sudden 580 

increases in irradiance, that attempts to manage this by changes in pigment and MAA 581 

content, but which is unable to prevent persistent, severe photoinhibition in these 582 

conditions. 583 

  The data indicate an increased cellular investment in MAAs at elevated irradiance, as 584 

observed from a clear absorption peak at 360 nm in the 200% and 400% treatments, but 585 

not at the control site. Although we did not measure MAAs directly, there is strong 586 

evidence in the literature that such absorption peaks are related to absorption of MAAs in 587 

algae (Riegger & Robinson 1997, Ayoub et al. 2012, Piiparinen et al. 2015). Algae 588 

synthesize MAAs in their cells as protection against UV radiation; in dinoflagellates UV-B 589 

tends to initiate production of MAAs (Caretto & Carignan 2011), whereas high MAAs in 590 

diatoms are generally caused by UV-A radiation (Helbling et al. 1996). MAAs have 591 

absorption peaks between 309 and 362 nm, whereas the absorption at 360 nm is related 592 

to palythene (Carreto & Carignan 2011). The MAA pool in sea ice changes over time and 593 

is clearly dependent on exposure to high irradiance, whether the algae are in melt ponds 594 

or at the bottom of the sea ice with a snow cover (Elliott et al. 2015). Our samples were 595 

only scanned between 350 and 750 nm, so there are no data on the total MAA pool in 596 

Kangerlussuaq, but we observed a clear and strong absorption peak at 360 nm, which 597 

gradually developed over time and became more pronounced, and especially in the 400% 598 



Increased light and effects on ice algae 
 

28 
 

area. Palythene absorption peaks have also been found in phytoplankton in a high (~1900 599 

m.a.s) alpine lake exposed to strong UV-radiation (Ficek et al. 2013). Maximum UV-A 600 

intensities reached 0.4, 2.0, and 3.7 W m-2 in the three irradiance treatments. After we 601 

removed the 4-5 cm thick snow cover from the two manipulated areas that were kept 602 

snow free during the study period, the ice algae in the 400% treatment abruptly became 603 

exposed to UV-A levels that were nearly ten times higher than in the control area. The 604 

timescale for MAA development is not well understood and here it took about 6 days 605 

before a statistically significant development of MAAs was identified from a 360 nm 606 

absorption peak. Chl a concentrations at Day 14 were slightly lower in the 400% and 607 

200% areas compared to Day 9, where this reduction might have been related to the 608 

development of the MAAs as metabolic costs of an MAA production is similar to those of 609 

chl a (Shick et al. 2002). The filter pad technique has been questioned for quantification 610 

of MAA concentrations in phytoplankton, as MAAs can be released from the cells when 611 

thawed and washed out by rinsing of filters giving erroneous and comparatively low MAA 612 

concentrations (Laurion et al. 2003). Our filters were only wetted and all Milli-Q water was 613 

absorbed by the filter prior to spectrophotometer analyses and compounds thus retained 614 

inside the filters. We would not have observed any gradual increase in MAAs absorption 615 

in both 200% and 400% light areas if MAA compounds had actually been lost prior to 616 

analyses. In any case, the data qualitatively demonstrate the increased absorption by 617 

MAAs in relation to increased UV-A. Studies have shown that dinoflagellates are relatively 618 

more susceptible to synthesising MAAs when exposed to UV-A compared to diatoms 619 

(Karentz et al. 1991; Sinha et al. 2007). We observed different algae groups (e.g. 620 

haptophytes, euglenophytes, and small unidentified flagellates) in our samples including 621 
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dinoflagellates but they were not quantified as diatoms overwhelmingly dominated. 622 

Dinoflagellates were present in the sea ice, but in low abundances relative to diatoms, 623 

which indicates that the MAAs were most likely synthesized by the diatoms. High MAAs 624 

have also been found at other Arctic sites where diatoms completely outnumbered 625 

dinoflagellates (Elliot et al. 2015), though laboratory studies have pointed out that MAA 626 

synthesis can also vary between diatom species (Helbling et al. 1996). 627 

 628 

4.4 Effects on fatty acid composition 629 

  Several studies have documented the high importance of fatty acids in ice algae, 630 

particularly PUFAs and MUFAs, for higher Arctic trophic levels including zooplankton 631 

(Arendt et  al. 2005), polar cod (Doreen et al. 2017), and for the entire Arctic food web 632 

(Budge et al. 2008). PUFAs are essential dietary components that are only synthesized 633 

by algae (Sargent et al. 1995). Concentrations and changes of fatty acid composition are 634 

linked to algae species composition, nutrient concentrations and irradiance (Leu et al. 635 

2006), as demonstrated by a general negative correlation between PAR levels and PUFA 636 

content (Leu et al. 2010). Our study is one of the first in situ studies of fatty acids with a 637 

high time resolution (every 3 days) at three different controlled under-ice PAR levels 638 

covering a 14 day-period, and identified significant effects of light treatments on fatty acid 639 

composition. PUFA content decreased similarly in all three PAR treatments over time 640 

from about 38 to 26%, mainly by reduced contents of the essential lipids 20:5(n-3) and 641 

22:6(n-3). MUFA content increased in the three treatments from about 16 to 28%, linked 642 

to an increase in 16:1(n-7) but with no changes in SAFA content. The reduction in PUFA 643 
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and specifically 20:5(n-3) and 22:6(n-3), and the increase in MUFA 16:1(n-7) were in fact 644 

very similar to observations by Leu et al. (2010), who attributed the changes to increased 645 

PAR. Here PUFAs decreased and MUFAs increased in all three PAR treatments and at 646 

similar PAR levels as in the Leu et al. (2010) study. The fatty acids 20:5(n-3) and 22:6(n-647 

3) are designated markers for diatoms and flagellates, respectively (Reuss & Poulsen 648 

2002). The decrease in 20:5(n-3) might be attributed to the corresponding decrease in 649 

cell numbers of the unidentified diatom, which decreased from about 2000 to about 100 650 

cells mL-1 from the beginning to the end of the experiment. However, the unidentified 651 

diatom was very small, about 10 µm long, whereby biomass loss and then loss of fatty 652 

acids was restricted based on the power function relationship between cell size and 653 

carbon and thus chl a (Meunden-Deuer et al. 2001). Two other diatom species, N. 654 

longissima and N. frigida increased by a total of about 700 cells mL-1 in the high light area 655 

at the same time. The disappearance of the unidentified diatom from the ice was gradual 656 

and at similar rates in all three treatments, but this diatom was replaced by other species 657 

of diatoms, which strongly indicates that observed changes in PUFA and MUFA could not 658 

be linked to the loss of diatoms. Fatty acid composition changes can be attributed to 659 

variable nutrient concentrations (Leu et al. 2010) but nutrients were unlimiting in March 660 

during this study, as noted above. The MUFA:PUFA ratio increased in all three areas over 661 

time and most strongly in the high light area, linked to an increase of 13% in MUFA 16:1(n-662 

7) and a decrease of 7.6% in the PUFAs 20:5(n-3) and 22:6(n-3). The significantly higher 663 

MUFA:PUFA ratio in the high light area indicates that observed changes in fatty acid 664 

compositions were linked to PAR. UV-B has specifically been linked to changes in fatty 665 

acid composition as UV-B can restrict ATP production in algal cells (Vosjan et al. 1990), 666 
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where synthesis of PUFAs requires relatively larger amounts of ATP compared to those 667 

of MUFAs and PUFAs (Thompson et al. 1992). UV-B can reduce the levels of the omega-668 

3 PUFAs EPA and DHA, though effects were dependent on algae species and diatoms 669 

were least affected (Wang & Chai 1994). The UV-B induced reduction in EPA and DHA 670 

has also been observed in other studies (Hessen et al. 1997). However, UV levels are 671 

generally low below sea ice due to strong scattering in the snow package covering the 672 

sea ice as well as in the ice itself, and UV-B levels are much lower than UV-A levels 673 

(Perovich 1993). UV-B levels were not measured in the present study but can be 674 

estimated based on a study of a comparable (~30 cm thick) sea ice Arctic sea ice (Winther 675 

et al. 2004). That study showed that UV-B was about 100 times lower below the sea ice 676 

compared to a measured UV-A of 3.7 W m-2, which equals a maximum UV-B of 0.037 W 677 

m-2 in the high light area. These are low levels and it is unlikely that UV-B was linked to 678 

the observed changes in fatty acid composition. This is supported by a study where UV-679 

B reached about 1.0 W m-2 just below a water surface but with only limited effects on fatty 680 

acid composition of the diatom Thalassiosira antarctica var. borealis in monoculture (Leu 681 

et al. 2006). This diatom genus was also found below the ice in the present study but 682 

could not be identified to species level. Indeed, the Leu et al. (2006) study identified PAR 683 

as the main factor for observed changes in fatty acids compositions. This is in line with 684 

our results, which showed that changes in relative compositions of PUFAs and MUFAs 685 

were significantly higher in the 400% area. The maximum PAR levels in their experimental 686 

aquarium reached about 300 µmol m-2 s-1 (Leu et al. 2006), and about two times higher 687 

than the present study. It is ecologically significant that changes in fatty acid compositions 688 

can be induced by even a small increase in under-ice PAR.   689 
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 690 

 691 

4.5 The snow cover 692 

We show here the importance of a 5-10 cm thick snow cover and the various 693 

photophysiological and photoprotective effects on the ice algae community at the bottom 694 

of the ice if reduced or removed. Climate models predict increased precipitation in Arctic 695 

regions, and thus higher snowfall (Bjorkman et al. 2015), whereas more recent models 696 

predict that the increased precipitation will fall as rain (Peeters et al. 2019). However, 697 

long-term (~50 years) actual measurements from the Arctic Ocean of snow depth have 698 

shown a clear decrease in snow thickness, and especially in May (Warren et al. 1999). 699 

Specific decreases in snow cover from 32.9 to 14.5 cm have been observed in the 700 

Beaufort and Chukchi seas, and from 35.1 to 22.2 cm in the western Arctic (Webster et 701 

al. 2014). The reduction was related to a later freeze up of the sea ice in autumn, and 702 

thereby a reduced period for the snow to accumulate on the snow during the autumn 703 

season with highest snowfall.  704 

705 
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5. Conclusions 706 

We emphasize here the importance of the snow cover as a regulator and moderator of 707 

surface irradiance available for ice algae and their photophysiology, biomass, pigment 708 

composition, and nutritional quality at the bottom of the sea ice in an Arctic ecosystem. 709 

Other studies have also identified the crucial role of the snow cover for various 710 

parameters, but this is the first time where all the above-mentioned parameters have been 711 

studied simultaneously. The response time (6 days) of the central photophysiological 712 

fluorescence yield parameter (ΦPSII_max) was similar to the response time of the 713 

photoprotective parameters such as pigment composition and MAAs. Significant changes 714 

in fatty acid composition occurred at Day 12. The significant decreases in both 715 

photophysiological and photoprotective parameters were proportional to the increase in 716 

irradiance. After fourteen days of experiment, the ice algae were still able to down-717 

regulate their photosynthetic machinery with increased irradiance, but ice algae exposed 718 

to higher (200% and 400%) irradiance showed clear signs of chronic photoinhibition. 719 
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Table 1. Two-way ANOVA analysis of chl a, variable chlorophyll fluorescence, and 1022 
MUFA:PUFA ratio data from algae in the lower 3 cm of sea ice cores, with treatment as 1023 
a fixed factor and time as a random factor. Significant differences (P < 0.05) shown in 1024 

bold.  1025 

Source d.f. MS F P 
Chl a     

Treatment 2 0.0275 9.92 0.0009 
Treatment × 

Date 
10 

0.0014 
3.58 0.0005 

     
     

Treatment 2 0.195 77.10 < 0.0001 
Treatment × 

Date 
10 

0.0029 
11.77 < 0.0001 

     
Α     

Treatment 2 0.0013 5.00 0.0134 
Treatment × 

Date 
8 

0.0008 
3.25 0.0089 

     
Ek     

Treatment 2 1866.35 3.22 0.0541 
Treatment × 

Date 
8 

1016.30 
1.75 0.1267 

     
rETRmax     

Treatment 2 19.38 4.73 0.0164 
Treatment × 

Date 
8 

4.66 
1.14 0.3683 

     
PUFA:MUFA 
ratio 

    

Treatment 2 0.0989 9.75 0.0038 
Treatment × 

Date 
10 

0.1566 
1.41 0.2256 

     
Diel ΦPSII 
variation 

 
 

  

Treatment 2 0.1995 321.92 < 0.0001 
Treatment × 

Time 
14 

0.0015 
2.35 0.0158 

 1026 

 1027 
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 1028 

Fig. 1. Area of study and sampling design for sea ice coring at Kangerlussuaq Fjord, 1029 
Greenland. Sampling was laid out as a runway along a southwest to northeast runway 1030 
with three discrete experimental areas differing in light transmission and under-ice 1031 
irradiance. Treatments: (i) a control low light area with undisturbed snow cover; (ii) an 1032 
area with 200% (doubled) irradiance (all snow removed, ice covered with a 50% 1033 
transmission shade cloth); and (iii) an area with 400% irradiance (all snow removed). The 1034 
200% and 400% irradiance areas were re-cleared daily of any snowdrift throughout the 1035 
experiment. Three replicate cores were collected from each area over a 12-day period at 1036 
intervals as shown schematically with Julian Days in red. 1037 

1038 
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 1039 

Fig. 2. Records of physical data describing temperature and light conditions at the 1040 
sampling area on Kangerlussuaq Fjord during the experiment. (A) Air temperature. (B) 1041 
Downwelling irradiance. (C) Comparison of spectral distribution of irradiance between the 1042 
three experimental areas, viz: control (undisturbed snow), 200% irradiance (shade cloth), 1043 
and 400% irradiance (snow cleared) treatments. The under-ice PAR logged in situ for the 1044 
three experimental areas is shown for the (D) control, (E) 200%, and (F) 400% treatments. 1045 
Sampling days (3, 6, 9, 12, 14) shown in red text. 1046 
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 1047 

Fig. 3. Time series of differences between the three treatments (control, 200% and 400% 1048 
irradiance) in development of (A) chl-a on underside of sea-ice; and (B) Phyto-PAM 1049 
estimation of ice algal maximum dark-adapted fluorescence yield (ΦPSII_max) during the 1050 
experiment. Mean values in (A) and (B) (n=3) ± 1SD; treatments sharing letters are not 1051 
significantly different (Tukey’s post hoc honestly significantly difference tests, P < 0.05). 1052 
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 1059 

Fig. 4.  Time series of differences between the three treatments (control, +200% and 1060 
+400% irradiance) in development of light acclimation parameters from Phyto-PAM rapid 1061 
light curves; (A) the light-saturated relative electron transport rate (rETRmax (rETR = ΦPSII 1062 
× EPAR), (B) the initial slope α, and (C) the onset of light saturation Ek. Mean values (n=3) 1063 
± 1SD. Treatments sharing letters are not significantly different (Tukey’s post hoc honestly 1064 
significantly difference tests, P < 0.05). 1065 

 1066 
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 1067 

Fig. 5. Differences in chl-a specific absorption spectra of sea ice algae between the three 1068 
treatments (control, 200% and 400% irradiance) on four sampling days during the 1069 
experiment. Note similarity of spectra early in the experiment (Day 3) and progressive 1070 
development of an additional absorption peak between 350 and 400 nm and at the blue-1071 
absorption peak on Days 9 and 12. 1072 
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 1082 

 1083 

Fig. 6. Time series of differences between the three treatments (control, 200% and 1084 
400% irradiance) in development of the ratio of mono- to poly-unsaturated fatty acids in 1085 
sea ice algal biomass. Mean values (n=3) ± 1SD; treatments sharing letters are not 1086 
significantly different (Tukey’s post hoc honestly significantly difference tests, P < 0.05). 1087 
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 1089 
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 1091 

Fig. 7. (A) Comparison of differences between the three treatments (control, 200% and 1092 
400% irradiance) in diel cycles of the photosynthetic efficiency ΦPSII, as measured 1093 
directly in situ from immediately collected ice cores in the field using fluorescence 1094 
imaging on Day 14 of the experiment. Mean values (n=3) ± 1SD, with under-ice PAR for 1095 
Day 14 shown in upper panel. Treatments sharing letters are not significantly different 1096 
(Tukey’s post hoc honestly significantly difference tests, P < 0.05). (B) Data from (A) 1097 
plotted as a function of under-ice irradiance as recorded by in situ light loggers at the 1098 
time of sample collection showing exponential decrease of ΦPSII with irradiance. 1099 
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