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Abstract  

1. Diatoms of the Arctic Ocean annually experience extreme changes of light environment linked 

to photoperiodic cycles and seasonal variations of the snow and sea-ice cover extent and thickness 

which attenuate light penetration in the water column. Arctic diatom communities exploit this 

complex seasonal dynamic through a well-documented species succession during spring, 

beginning in sea-ice and culminating in massive phytoplankton blooms underneath sea-ice and in 

the marginal ice zone. The pattern of diatom taxa sequentially dominating this succession is 

relatively well conserved interannually, and taxonomic shifts seem to align with habitat transitions.  

2. To understand whether differential photoadaptation strategies among diatom taxa explain these 

recurring succession sequences, we coupled lab experiments with field work in Baffin Bay at 

67.5°N. Based on field data, we selected five diatom species typical of different ecological niches 

and measured their growth rates under light intensity ranges representative of their natural habitats. 

To characterize their photoacclimative responses, we sampled pigments and total particulate 

carbon, and conducted 14C-uptake photosynthesis response curves and variable fluorescence 

measurements.  

3. We documented a gradient in species respective light intensity for maximal growth suggesting 

divergent light response plasticity, which for the most part align with species sequential 

dominance. Other photophysiological parameters supported this ecophysiological framing, 

although contrasts were always clear only between succession endmembers, Nitzschia frigida and 

Chaetoceros neogracilis. To validate that these photoacclimative responses are representative of 

in situ dynamics, we compared them to the chlorophyll a-specific light-limited slope (α*) and 

saturated rate of photosynthesis (P*
M), monitored in Baffin Bay on sea-ice and planktonic 
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communities. This complementary approach confirmed that unusual responses in α* and P*
M as a 

function of light history intensity are similar between sentinel sympagic species N. frigida and 

natural ice-core communities. While no light-history-dependent trends were observed in 

planktonic communities, their α* and P*
M values were in the range of measurements from our 

monospecific cultures.   

4. Synthesis. Our results suggest that Arctic diatoms species photoadaptation strategy is tuned to 

the light environment of the habitats in which they dominate and indeed drives the seasonal 

taxonomic succession.  

 

Keywords: Diatoms, Arctic Ocean, photoacclimation, photoadaptation, spring bloom, seasonal 

species succession, primary production, ecophysiology   
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Résumé  

1. Les microalgues diatomées de l’Océan Arctique subissent annuellement des changements 

extrêmes d’environnement lumineux, engendrés par les cycles saisonniers de photopériode et 

d’épaisseur et d’étendu du couvert de glace enneigé qui atténue la pénétration de la lumière dans 

la colonne d’eau. Les diatomées arctiques exploitent cette dynamique saisonnière complexe au fil 

d’une succession taxonomique saisonnière, qui débute au printemps dans la glace de mer et 

culmine sous, et à la lisière, de la banquise avec des floraisons phytoplanctoniques massives. La 

séquence de succession des taxons est relativement bien conservée inter-annuellement et semble 

correspondent globalement aux transitions d’habitats (glace de mer, eau sous la glace, lisière de 

banquise et eaux libres).  

2. Afin de déterminer si, parmi les différents taxons, des contrastes de stratégies photoadaptatives 

supportent cette dynamique récurrente, nous avons combiné expériences en laboratoire et travail 

sur le terrain réalisé en baie de Baffin (67.5°N). En nous basant sur les données in situ, nous avons 

sélectionné cinq espèces de diatomées typiques de différentes niches écologiques et nous avons 

mesuré leurs taux de croissance sous différentes intensités lumineuses représentatives de leurs 

habitats naturels. Pour caractériser leur photoacclimatation, nous avons déterminé leur contenu en 

pigments et en carbone, réalisé des courbes de fixation photosynthétique de 14C, et mesuré leur 

fluorescence chlorophyllienne variable.  

3. Nos résultats révèlent un gradient d’intensité lumineuse optimale de croissance entre les 

différentes espèces, en grande partie fidèle à leur séquence de dominance saisonnière in situ. 

D’autres paramètres photophysiologiques supportent également un gradient d’adaptation vers des 

lumières plus élevées chez les espèces abondantes en eaux libres, avec des contrastes plus marqués 
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chez les espèces dominantes aux extrêmes de la succession. Notre approche complémentaire entre 

expérimentations en laboratoire et in situ indique également que les paramètres de fixation 

photosynthétique de 14C de l’espèce sympagique modèle, N. frigida, et des communautés de 

microalgues prélevées dans la glace de mer, varient de façon similaire dépendamment de leur 

historique lumineux précédant les mesures.  

4. Synthèse. Nos résultats suggèrent que les espèces de diatomées arctiques ont acquis des 

stratégies de réponse à la lumière adaptées à l’environnement lumineux où elles dominent, ce qui 

supporte leur succession taxonomique saisonnière.  

 

Mots-clefs: Diatomées, Océan Arctique, photoacclimatation, photoadaptation, floraison 

printanière, succession taxonomique saisonnière, production primaire, écophysiologie 
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Introduction 

 Recurring patterns in photosynthetic taxa succession along disturbance gradients reflect 

intricate interplays between transient environmental components and taxa-specific functional traits 

for instance related to resource utilisation (light and nutrients) and resilience to mortality factors 

(grazing, viral infections, etc.) (Sommer et al., 2012; Chang et al., 2019; Caracciolo et al., 2021). 

Over a spring-to-summer succession, from sympagic (sea-ice) to planktonic growth forms, Arctic 

diatoms collectively exploit a wide range of environmental conditions through an extensive habitat 

shift: from dimly lit sea-ice brines (< 1 µmol photons m-2 s-1 and minimal photoperiod) (Hancke 

et al., 2018) to intensely illuminated open waters (up to approximately 1000 µmol photons m-2 s-1 

and 24 h daylight) (Massicotte et al., 2020) (Fig. 1). Differentially evolved capacities to exploit 

their dynamic light environment (photoadaptation) may translate into a key functional trait driving 

Arctic diatom seasonal taxonomic succession. On one hand, light supply limits growth in winter 

and early spring (Leu et al., 2015; Randelhoff et al., 2020). On the other, excessive irradiance, 

heterogeneously distributed beneath the irregular snow and sea-ice cover (Katlein et al., 2016), 

can shape communities by excluding certain shade-adapted species later in the season (Mundy et 

al., 2011; Galindo et al., 2017). Although Arctic microalgae community  composition varies both 

locally and interannually, typical  trends show sequentially dominating diatom assemblages with 

changing growth forms (pennate versus centric), taxa and life traits (e.g., colonial or solitary),  

seemingly aligned with habitat transition, especially during spring (von Quillfeldt, 2000; Booth et 

al., 2002; Lafond et al., 2019; Luostarinen et al., 2020).    
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Although some minimal photosynthetic plankton growth can occur earlier under fully ice-

covered water  (Randelhoff et al., 2020), the onset of the Arctic productive season is usually 

associated with the accelerating growth of sympagic microalgae in sea-ice. Sea-ice diatom blooms 

typically occur under thin snow-cover, and their occurrence increases as warmer temperature 

drives restructuring of snow crystals to a more translucent organization (Hancke et al., 2018). 

These sympagic microalgae communities are dominated by raphid pennate diatoms, particularly  

the sentinel Arctic sea-ice species, Nitzschia frigida (Poulin et al., 2011). Overall, sympagic 

primary productivity is lower than plankton productivity, but is key to ecological integrity for 

certain regions and benthic habitats where ice-algae represent the main (if not the only) autotrophic 

biomass influx (Koch et al., 2020). As snow melts, light penetrates deeper into ice-covered water 

where it can trigger substantial phytoplankton blooms (Arrigo et al., 2012; Ardyna et al., 2020), 

that may continue in the marginal ice zone (≈50% of water is ice-covered) (Perrette et al., 2011). 

Productivity peaks along these successive bloom events are dominated by different taxonomic 

assemblages (Lafond et al., 2019). While pennate genera like Fragilariopsis and Ceratoneis (ex 

Cylindrotheca) colonizing both sea-ice and water (dual-forms) embody an important fraction of 

under-ice blooms, centric growth forms, overwhelmingly represented by the Chaetoceros and 

Thalassiosira genera, overtake pennate taxa in marginal ice zone blooms. (Balzano et al., 2017; 

Booth et al., 2002; Lafond et al., 2019; Luostarinen et al., 2020). As nutrients pools become 

depleted in the photic zone, particularly silicic acid for diatoms (Krause et al., 2019), and grazing 

pressure increases, diatom dominance recedes and other important phytoplankton groups, 

including flagellates and haptophytes, usually proliferate (Blais et al., 2017). 
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Over this spring-to-summer transition, Arctic diatoms collectively exploit daily 

photosynthetically available radiation (PAR) shifting over 4 orders of magnitude through a 

combination of species-specific photoacclimation plasticity and a succession of species with 

distinct properties (Fig. 1).  Photosynthetic organisms respond to light limitation, typical of early 

Arctic spring under thick snow-cover (Alou-Font et al., 2013; Galindo et al., 2017), by increasing 

chlorophyll (Chl) a content and other important light harvesting pigments, like Chl c and 

fucoxanthin in diatoms. In light-saturating conditions, the bottleneck for photosynthesis is usually 

the temperature-dependent rate at which the Calvin-Benson-Bassham (CBB) (Young et al., 2015). 

However, the relationship between carbon fixation and growth rate is seldom linear in microalgae 

(Halsey et al., 2010, 2011), and has not been extensively studied in polar diatoms (Lacour et al., 

2017). Under supersaturating light, as experienced by sympagic diatoms during the late spring 

melt period, photosynthesis can decrease due to photodamage and/or the induction of 

photoprotective mechanisms, such as the non-photochemical quenching (NPQ). Particularly 

crucial in diatoms, NPQ dissipates excess light energy as harmless heat (Buck et al., 2019). 

Because NPQ in diatoms is mainly activated via the de-epoxidation of the xanthophyll pigment 

diadinoxanthin (DD) to diatoxanthin (DT), the magnitude of NPQ strongly depends on the cellular 

content of DD and DT (Lacour et al., 2020). Elevated NPQ results in a decrease in photosystem 

(PS) II quantum yield (FV/FM) (parameters are defined in Fig. S1) and effective absorption cross-

section (σPSII) (Buck et al., 2019), therefore impeding light energy transfer to photochemistry when 

NPQ is sustained as is common in polar strains (Lacour et al., 2018). 
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Figure 1: Schematic representation of a typical spring-to-summer Arctic diatom succession and the main observed diatom groups 
in Baffin Bay (where the Green Edge 2015-16 ice-camps (67.48N; 63.79W) and 2016 oceanographic campaigns were conducted) 
over the habitat shift from snow-covered sea-ice to open waters (a) combined with physical and biological parameters assessed 
during the Green Edge project. Daily averaged photosynthetically available radiation (PAR) in µmol photons m-2 s-1 at the sea-ice-
water interface during the 2015 and 2016 ice-camps (b), and at the water column surface (≈1 m) and at the chlorophyll a 
maximum (CM) and the 7-day moving average of the CM depth during the 2016 oceanographic campaign (c). PAR values are 
plotted versus open water days, where day 0 represents sea-ice breakup in (b and d) and the first three consecutive days of the 
season where roughly 50% of water is ice-covered in the transient marginal ice zone at a given sample station in (c and e). 
Horizontal dotted lines represent the minimal (black) or maximal (red) growth light (gE) used to grow either a sympagic (b) or a 
planktonic (c) diatom species during our lab study. In (b) yellow vertical arrows represent the average timing of snowmelt and 
melt ponds onset in that order. The repartition between pennates and centrics growth forms among diatom communities 
sampled in sea-ice (SI) and under-ice (UI) water from the 2016 ice-camp (d) and at surface level and at the CM on the 
oceanographic campaign (e) and the dominant sympagic species N. frigida (N.f.) which represented ≈60% of all cells counted in 
SI (d). See Material and methods and Massicotte et al., (2020) for details on in situ measurements.  
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Arctic diatoms face unique photoadaptation challenges comprising scarce light availability 

for long periods over the annual cycle and a sluggish carboxylation rate of ribulose-1,5-

bisphosphate (Rubisco) compromised by low temperatures (Young et al., 2015). Over 

generational-scale times diatoms (and all photosynthetic organisms) can photoacclimate to a 

certain light regime, within a plasticity range anchored in genotypic photoadaptation defined over 

evolutionary times (Dubinsky & Stambler, 2009). Hence highlighting potentially contrasting 

photoadaption strategies, beyond the short-term photoacclimation state, entails studying growth 

light responses over a gradient rather than one or two light intensities. With this objective, we grew 

five ecologically relevant Arctic (or bipolar) diatom species under a range of limiting, saturating, 

and supersaturating light typical of their respective habitats, and documented changes in their 

growth rates, photophysiology, and carbon fixation capabilities. Most knowledge on Arctic diatom 

photoadaption at the moment is i) inferred from correlation-based field observations (Kvernvik et 

al., 2021; Lewis et al., 2018; Schuback et al., 2017), ii) assembled from independent studies 

targeting diverse photoadaptative traits in different polar species (reviewed by Lacour et al. (2017)) 

and/or, iii) extrapolated from lab studies in which most taxa occur only in Antarctic (Petrou et al. 

2011; Kulk et al. 2019; Strzepek et al. 2019). However, we lack studies describing dose-response 

relationships between environmental factors and diverse species dominating distinct niches over 

seasonal dynamics required by production models and ecological theory.    

Anthropogenic global warming may lead to a summer ice-free Arctic Ocean by the end of 

the century and therefore to exposure of Arctic microalgae to more light (Sigmond et al., 2018). 

Hence, a better description of Arctic diatom photoadaptation strategies across the wide 

ecodiversity spanning their productive season is imperative to better anticipate perturbations in 
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succession dynamics, primary production, and trophic transfers (Leu et al., 2016; Lewis et al., 

2020). This paper is the second in a work series in which we investigate if sequential taxa 

dominance of certain ecological niches over the Arctic seasonal light continuum is linked to 

interspecific photoadaptation divergences. Our previous report (Croteau et al., 2021) and Kvernvik 

et al., (2020, 2021) concluded that open-water Arctic diatom species are better equipped to cope 

with light stress than are sympagic species. To build upon these findings, we coupled field data 

from the Green Edge project 2015-2016 campaigns, which set out to unravel the seasonal dynamics 

steering Arctic microalgae spring blooms (see Green Edge Special Feature (Babin, 2019) and 

Massicotte et al. (2020)), to the investigation of growth-light responses of five Arctic diatom 

species representing dominant groups from contrasting light environments over the spring-to-

summer transition (Lafond et al., 2019) (Fig. 1). This refined resolution of Arctic diatoms light 

adaptation reveals that species-specific ascending growth light optima mostly align with their 

sequential seasonal dominance with profound low-light versus high-light specialization between 

sympagic and open-water succession endmembers. Moreover, photosynthetic parameters 

measured in lab with sentinel sympagic Nitzschia frigida reflected contrasts between sea-ice and 

planktonic natural communities and showed similar light intensity response as sea-ice samples, 

validating the value of our ecological niche resolved approach.  

Material and methods  

Coupling of lab study to in situ data of Arctic diatom seasonal succession from the Green Edge 

database  

The Green Edge project conducted two field campaigns (2015-2016) at an ice-camp 

located on landfast sea ice (south from Qikiqtarjuaq Island in Baffin Bay), and one offshore 
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oceanographic campaign over Baffin Bay onboard the CCGS Amundsen (2016) to study the 

processes steering Arctic ice-algae and phytoplankton spring blooms (Babin, 2019). The Nunavut 

government issued the Scientific Research License 01 010 15N-M and 01 001 16R-M for the 2015 

and 2016 campaigns respectively. The Greenland Government additionally issued the license 

#18789, no. 2772992, for the 2016 oceanographic campaign. Ice-camp sampling took place every 

second to third day at a fixed location (67.48N, 63.79W) from March 28 to July 14, 2015, and 

from April 27 to July 22, 2016 (see (Oziel et al., 2019)). Sampling during the oceanographic 

campaign was achieved at 135 stations distributed over 7 zonal transects perpendicular to the ice 

edge, and each spanning about 120 miles over the ice-covered, marginal ice zone and open-water 

areas, which corresponded to early-bloom, bloom, and post-bloom conditions, respectively. The 

array of bio-physicochemical parameters documented during the campaigns were gathered in a 

database available online (http://www.obs-vlfr.fr/proof/php/GREENEDGE/greenedge.php; see 

also (Massicotte et al. 2020)). We used Green Edge data to design our laboratory experiments to 

be representative of the Arctic Ocean seasonal dynamics with regards to growth light and selection 

of diatom species. We briefly described how Green Edge data were collected, summarizing key 

results regarding Arctic diatom succession and the light environment in Figure 1. We refer readers 

to the cited works for details on the methods, results, and discussion. 

During the Green Edge oceanographic campaign, measurements at a given date and 

sampling station was associated with a proxy of “open water days” (OWD) to reconstruct seasonal 

phenology relative to sea ice dynamics rather than location or calendar days (see (Randelhoff et 

al., 2019)). For every sampling station during the oceanographic campaign, we assigned the 

number of days elapsed since the first occurrence of three consecutive days with ≤ 50% ice-cover 

http://www.obs-vlfr.fr/proof/php/GREENEDGE/greenedge.php
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at the station location. A negative OWD therefore indicates the number of days before sea-ice 

breakup. Thus, depending upon latitudinal variability in sea-ice melt progress, it is possible to find 

two samplings (from different stations) with a same OWD (see Fig. S2 for the CCGS Amundsen 

itinerary, sampling stations and corresponding OWD). For ice-camp measurements, OWD = 0 is 

assigned to the date of sea-ice breakup. The photosynthetically available radiation (PAR) was 

obtained by monitoring downwelling irradiance above the surface and underwater over a vertical 

profile down to 100 m using a C-OPS underwater spectroradiometer (Compact Optical Profiling 

System (Hooker et al., 2013)) and integrating irradiance from 400 to 700 nm. The 24 h PAR at a 

given depth was calculated by multiplying the surface level 24 h irradiance by the instantaneous 

transmittance given by the ratio between underwater irradiance and above the surface irradiance 

(Massicotte et al., 2020). To estimate the light exposure Arctic sympagic diatoms experience 

seasonally, we plotted the daily averaged PAR at sea-ice-water interface for a given day, in µmol 

photons m-2 s-1, as a function of its associated OWD over the 2015-2016 ice-camp campaigns (Fig. 

1b) (noteworthy, this method underestimates incident PAR on ice-algae since some light is 

absorbed by ice-algae). To estimate the light exposure Arctic planktonic diatoms experience, we 

plotted the daily averaged PAR for a given day at the surface (≈1 m) and at the depth of the Chl a 

maximum (CM) for the days of taxonomic sampling as a function of its associated OWD over the 

2016 oceanographic campaign (Fig. 1c).  

Ice-core and water column samples were collected and analysed by inverted microscopy 

for identification and quantification (Utermöhl method). We regrouped diatom counts at the genus 

level for sea-ice communities, under-ice communities and open water planktonic communities (see 

(Lafond et al., 2019)) at the surface level and at the Chl a maximum (Fig. S3). Parameters retrieved 
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from 14C-uptake photosynthesis response curves performed (as describe below) on ice cores and 

water column samples were used for comparison purposes with our lab-grown species (see 

Results). 

Acclimation of algal cultures 

Unialgal cultures of Nitzschia frigida (A. Juhl), Fragilariopsis cylindrus (CCMP1102), 

Thalassiosira gravida (CCMP986), Chaetoceros neogracilis (RCC2278) and Chaetoceros gelidus 

(RCC2046) (Table 1) were grown in filtered (0.2 µm) seawater (Baffin Bay, 67.48N; 63.79W) 

enriched in f/2 medium with silicate in a 0°C cold room, constantly illuminated under a 24 h 

photoperiod. CCMP1102 is the model F. cylindrus strain which was isolated from Antarctic and 

whose genome is sequenced (Mock et al., 2017), but this species is also abundantly reported in the 

Arctic (Poulin et al., 2011; Luostarinen et al., 2020). For the sake of space, we will refer to the 

five species studied together as “Arctic species” from here onward. Culture triplicates were 

maintained in semi-continuous growth by diluting cultures with fresh medium every second day, 

and gently aerated with air passed through 0.3-µm-pore filters. Cultures were grown under a range 

of growth light intensities (gE, µmol photons m-2 s-1) which were selected to cover light limitation, 

light saturation, and supersaturating light conditions for every species (2 to 400 µmol photons m-2 

s-1). The growth lights were measured with a QSL-100 quantum sensor (Biospherical Instruments, 

San Diego, CA, USA) placed in the culture vessel. Because of slow growth rates in Arctic diatoms, 

especially for sympagic species under low light, we proceeded to measurements after a maximum 

of three weeks of acclimation even if the typical 10 rounds of cellular division usually prescribed 

for balanced growth were not reached (Wood et al., 2005). We chose this approach because for the 

slowest growth rates (≈0.05 d-1 (N. frigida under 2 µmol photons m-2 s-1)) reaching 10 rounds of 
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cellular division would be much longer (≈5 months) than the phenological changes in light 

availability observed under the sea-ice cover which can increase by one order of magnitude over 

a period of three weeks (Fig. 1b). Growth rates (µ, in d-1) were calculated as: 

µ =
𝑙𝑙𝑙𝑙𝑁𝑁2 − 𝑙𝑙𝑙𝑙𝑁𝑁1
𝑡𝑡2 − 𝑡𝑡1

 Equation 1 

 

where Nx is cellular concentration (in cell mL-1) for a given day. The following quadratic equation 

presented in (Eilers & Peeters, 1988) was used to fit the relationship between the measured growth 

rates (µ, d-1) and growth light intensity (gE): 

µ =  
𝑔𝑔𝑔𝑔

𝑎𝑎𝑔𝑔𝑔𝑔2 + 𝑏𝑏𝑔𝑔𝑔𝑔 + 𝑐𝑐
 Equation 2 

for which the maximal growth rate (µM, in d-1), the light intensity for maximal growth rate (gEopt, 

in µmol photons m-2 s-1) and the initial slope of light-limited growth rate (αµ, in d-1 m2 mol photons-

1 (after unit conversion)) equal: 

µ𝑀𝑀 =  
1

𝑏𝑏 + 2√𝑎𝑎𝑐𝑐
 Equation 3 

 

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡 =  �
𝑐𝑐
𝑎𝑎

 Equation 4 

 

𝛼𝛼µ =  
1
𝑐𝑐

 Equation 5 
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Cell growth, biovolume and chlorophyll a monitoring 

Cell numbers and equivalent spherical volume were measured using a Beckman Multisizer 

4 Coulter Counter (Miami, FL, USA) except for N. frigida which the long and narrow shape 

required microscopy counting (Utermöhl method) and sizing (“cylinder + 2 half spheres” formula). 

Every two day, Chl a (extracted in acetone 90:10, volume: volume, and estimated with a 10AU 

fluorometer (Turner Designs, San Jose, CA, USA)), growth rate and cell biovolume were 

monitored to assure these parameters remained stable between generations.  

Carbon content 

Three technical replicates and blank of f/2 medium of 10 mL were sampled for each culture 

replicate for total particulate organic carbon analyses. The samples and blanks were filtered onto 

glass fibre filters (GF/F Whatman®, 0.7 µm nominal porosity, 25 mm diameter) pre-combusted at 

500◦C for 12 h. The filters were kept dry, before elemental analysis with a CHN analyser (2400 

Series II CHNS/O, Perkin Elmer, Norwalk, CT, USA).  
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Table 1: Important diatom species in Arctic investigated in this study with their defining growth forms, life 
mode, habitats and the depth and coordinates at which the strains were isolated and their reference. 
Habitats are sea-ice (SI), under-ice water (UI), marginal ice zone (MIZ) and open water (OW), the round 
symbols referred to whether a species is rarely or not found (no symbol), commonly found •, abundant 
•• or dominant ••• in a given habitat.   

 

 

 

 

 

1: The N. frigida strain was isolated near Barrow, AK, USA (Aumack & Juhl, 2015).  

2: CCMP1102 is the model genome sequenced F. cylindrus strain, which was isolated in Antarctic, but the species is 
found at both poles.  
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Pigment analysis  

For pigment analysis, 10 mL samples of acclimated cultures were collected and 

immediately filtered onto glass fibre filters (Whatman®, 0.7 µm nominal porosity, 25 mm 

diameter), flash-frozen in liquid nitrogen and stored at -80oC until analysis. Samples extracted in 

100% methanol were mixed (70:30, v/v) with a buffer solution (tetrabutylammonium acetate (28 

mM)) following a method adapted from Ras et al., (2008). Pigment contents were measured by 

high-performance liquid chromatography with a Zorbax Eclipse XDB-C8 3.5 µm column (Agilent 

Technologies, Santa Clara, CA, USA). The de-epoxidation state (DES, in %), representing a proxy 

of photoprotection and NPQ induction (Olaizola et al., 1994), was calculated as: 

DES =
DT

DD + DT
× 100 Equation 7 

where xanthophyll pigment DD is diadinoxanthin and DT is diatoxanthin (in mol per 100 mol Chl 

a).  

Photosynthesis light response curves of  14C-uptake  

 The relationship between the rate of C-fixation and irradiance was determined by 

measuring 14C-uptake in cultures subsamples exposed to a range of light levels for 20 min (PE 

curves) as in (Morin et al., 2020). The following equation was fitted to the data (Platt et al., 1981): 

𝑃𝑃 = 𝑃𝑃𝑆𝑆 �1 − 𝑒𝑒
−𝛼𝛼𝛼𝛼
𝑃𝑃𝑆𝑆 � 𝑒𝑒

−𝛽𝛽𝛼𝛼
𝑃𝑃𝑆𝑆 + 𝑃𝑃0 Equation 8 

where E is the irradiance applied to a sub-sample (in µmol photons m-2 s-1), α is the light-limited 

slope of the PE curves [in mgC m-3h-1 (µmol photons m-2 s-1)-1], PS is the maximum carbon fixation 

rate in the absence of photoinhibition (in mgC m-3 h-1) , β is the photoinhibition coefficient [in mgC 
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m-3h-1 (µmol photons m-2 s-1)-1] and P0 is the y-intercept of the curve (in mgC m-3 h-1). The 

maximum light saturated carbon fixation rate (PM, in mgC m-3 h-1) was calculated as: 

𝑃𝑃𝑀𝑀 = 𝑃𝑃𝑆𝑆 �
𝛼𝛼

𝛼𝛼 + 𝛽𝛽
� �

𝛽𝛽
𝛼𝛼 + 𝛽𝛽

�
𝛽𝛽
𝛼𝛼
 Equation 9 

 

We normalized α and PM to Chl a (α* and P*
M), and PM also to total particulate C (in mg L-1) (PC

M 

(in d-1 after unit harmonisation). The photoacclimation parameter (EK, in µmol photons m-2 s-1) 

was obtained by dividing PM by α. To compare photosynthetic output and growth rates, we 

extrapolated the C-specific 20 min 14C-uptake under a given growth light intensity to a per day 

value (PgE, in d-1). We determined PgE by replacing the variables of Eq. 8 by the fitted parameters 

of a PE curve and the corresponding growth light (gE) intensity under which the diatoms were 

acclimated, normalised to total particulate C-content (TPC), and multiplied by 24: 

𝑃𝑃𝑔𝑔𝛼𝛼 = �𝑃𝑃𝑆𝑆 �1 − 𝑒𝑒
−𝛼𝛼𝑔𝑔𝛼𝛼
𝑃𝑃𝑆𝑆 � 𝑒𝑒

−𝛽𝛽𝑔𝑔𝛼𝛼
𝑃𝑃𝑆𝑆 + 𝑃𝑃0� ×

1
TPC

× 24 Equation 10 

Because some photosynthates can be respired during the 20 min incubation, PgE is not an exact 

measurement of gross carbon production (Halsey et al., 2010, 2011). However, dividing the 

measured growth rate (net production) by PgE obtained under the same gE can give a rough 

estimate of relative growth efficiency (ηg, dimensionless) variations as a function of growth light 

intensity among species: 

𝜂𝜂𝑔𝑔 =
µ𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔

 Equation 11 
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Variable chlorophyll a fluorescence measurements 

Variable fluorescence measurements were made using a Fluorescence Induction and 

Relaxation (FIRe) fluorometer (Satlantic, Halifax, NS, Canada) that applies a saturating, single 

turnover flash (STF, 100 µs) of blue light (455 nm, 60 nm bandwidth) to the culture sample. The 

FIRe generates a Chl a fluorescence induction curve (detected at 680 nm) that can be used to 

estimate apparent size of PSII antenna functional cross-section (σPSII, in Å2 quanta-1), and the 

minimal (F0) and maximal (FM) dark-acclimated fluorescence using the MATLAB FIReWORX 

algorithm (https://sourceforge.net/projects/fireworx/). The σPSII, F0 and FM were measured on 

triplicate culture subsamples previously acclimated to the different growth lights, following 20 

min of dark acclimation. The maximum quantum yield of PSII in the dark (FV/FM) was calculated 

as: 

  𝐹𝐹𝑉𝑉 𝐹𝐹𝑀𝑀⁄ = 𝐹𝐹𝑀𝑀−𝐹𝐹0
𝐹𝐹𝑀𝑀

 Equation 12 

Curve fitting and data analysis 

 Curve fitting with non-linear models and analysis of variance (ANOVA) were done in the 

R software environment. For curve fitting we used the nls.multstart package (Padfield et al., 2021). 

Complete fits statistics and information can be found in Supporting Information. ANOVA 

followed by Tukey’s HSD test was conducted to compare the α* and P*
M among species and field 

samples collected either in ice-cores during the 2016 Green Edge ice-camp or in the water column 

during the 2016 Amundsen expedition (Oziel et al., 2019; Randelhoff et al., 2019; Massicotte et 

al., 2020). We excluded parameter values from plankton sampled below the photic zone (0.415 

mol photons m-2 d-1 (Randelhoff et al., 2019) (also lower than any gE used in lab besides for 

sympagic N. frigida)), sea-ice with values of α* < 0.001 and P*
M < 0.1, which could stem from 
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severe nutrient limitations in sea-ice brines or osmotic shock during melt procedures (Campbell et 

al., 2019) and outliers outside the range of mean ±2.5 SD. For non-significantly different groups 

of a same habitat (i.e., N. frigida and F. cylindrus versus sea-ice samples or F. cylindrus, T. 

gravida, C. neogracilis and C. gelidus versus planktonic samples), we used a second ANOVA and 

Tukey’s HSD test to compare species/samples split in subgroups defined by their light history 

(LH). We used the gEopt determined in lab to set LH boundaries relative to Arctic diatoms 

seasonal succession in situ. Low LH, medium LH and high LH were assigned to daily average 

gE/PAR of < 40, between 40 and 80 and > 80 µmol photons m-2 s-1 respectively. The boundaries 

between the three LH categories were approximately set to the gEopt of F. cylindrus (40 µmol 

photons m-2 s-1) versus T. gravida/C. gelidus (80 µmol photons m-2 s-1).  

 

Results  

Growth rate as a function of growth light intensity 

 Maximal growth rate (µM) was the slowest in obligatory sympagic N. frigida (0.15 d-1) and 

the fastest in open-water planktonic, often surface layer dominant, C. neogracilis (0.66 d-1) (Fig. 

1c) (Balzano et al., 2017). In between, for the dual sympagic-planktonic form F. cylindrus, the 

sea-ice-associated planktonic T. gravida and the open-water planktonic, often dominant at the deep 

Chl a maximum C. gelidus (Balzano et al., 2017), µM was similar around 0.3 d-1 (Fig. 1c). The 

initial slope of light-limited growth rate (αµ) was lower in F. cylindrus and in C. gelidus (≈0.02) 

than in N. frigida, T. gravida and C. neogracilis which showed αµ between ≈0.04 and 0.06 (Fig. 

3c). Like for the µM, N. frigida and C. neogracilis had the minimal and maximal values for the 

light intensity for maximal growth (gEopt) respectively (23 versus 206 µmol photons m-2 s-1) (Fig. 
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c). The gEopt was clearly lower in F. cylindrus (46 µmol photons m-2 s-1) than in T. gravida and 

C. gelidus (≈80 µmol photons m-2 s-1) (Fig. c). The 9-fold variation in gEopt across species 

highlight different capacities in converting light to growth and contrasting photoadaption. 

Therefore, in the following sections, we will often refer to the dimensionless ratio of gE normalized 

to species-specific gEopt to compare photoacclimation relative to growth potential across species 

(figures with gE rather than gE/gEopt x-axis are found in Supporting Information).   

Carbon-to-chlorophyll a ratios  

 Among all species, the measured C-to-Chl a ratio ranged between 12 and 300 g·g-1 and was 

generally described by a linear increase as a function of gE intensity as proposed in Geider’s model 

(1987) (Fig. 3). However, the minimal C-to-Chl a ratio was reached before lowest gE intensity 

and stabilized, or was even higher, under the most limiting gE, except in T. gravida. We thus had 

to remove these points (and the lower ones in N. frigida grown under extreme supersaturating light 

(200 µmol photos m-2 s-1)) to compare the C-to-Chl a slope versus gE between species and with 

existing literature (Geider, 1987; Lacour et al., 2017). The steepest C-to-Chl a versus gE slopes 

were observed in N. frigida and F. cylindrus, and the lowest for T. gravida and C. neogracilis, 

with C. gelidus in between these extremes (Table 2). However, when C-to-Chl a was plotted 

against gE normalized to light intensity for maximal growth (gE/gEopt) (Fig. 3b), both 

Chaetoceros species showed similar steeper slopes (≈43) after F. cylindrus (57) (Table 2). 
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Figure 2: The measured growth rates (µ) plotted against growth light (gE) intensity (a) and the 
dimensionless ratio between gE and the gE for maximal growth rate (gEopt), where the vertical dashed 
line represents gE/gEopt = 1 (b), the maximal fitted µ (µM) (c), gEopt (d) and the slope of light-limited µ 
(αµ) (e) ± SE derived from the µ versus gE fitted curves in the five Arctic diatom species studied (see fit 
parameters in Supporting Information S4). Data points in (a) and (b) are triplicate mean ± SD. Species 
abbreviations are found in Table 1.  
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Figure 3: The linear regression between the C-to-chlorophyll a (C-to-Chl a) ratio and growth light (gE) 
intensity (a) and Chl a-to-C as a function of the dimensionless ratio between gE and gE for maximal growth 
rate (gE/gEopt), where the vertical dashed line represents gE/gEopt = 1 (b). Open symbols are excluded 
from the fits (see Material and methods and Discussion). See linear equations parameters for C-to-Chl a 
as a function of gE and gE/gEopt in Table 2. Data points are triplicate mean ± SD. Species abbreviations 
are found in Table 1. 
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Table 2: Slope and y-intercept (y0) of the linear relationship between carbon to chlorophyll a (C-to-Chl a) 
ratio and growth light (gE) intensity and the dimensionless ratio between gE and gE for maximal growth 
rate (gE/gEopt) (y0 and R2 are independent of x-axis normalisation). The values associated to open symbols 
in Figure 3a are excluded from the fits (see Material and methods and Discussion).  
  
 
  

Species 
gE gE/gEopt   

Slope Slope y0 R2 

N. frigida 1.06 23.42 16.68 0.99 

F. cylindrus 1.25 57.24 10.94 0.98 

T. gravida 0.16 13.00 23.57 0.89 

C. neogracilis 0.22 44.45 29.56 0.95 

C. gelidus 0.58 42.09 3.64 0.99 



Croteau et al. 2022   

 Photosynthetic 14C-uptake response curves parameters normalized to Chl a  

 Contrary to most previous results on temperate microalgae (MacIntyre et al., 2002) and 

some Arctic diatoms (see Sakshaug et al. (1991) and Discussion below), the Chl a-specific light-

limited slope of photosynthesis (α*) (Fig. 4a) was strongly affected by gE intensity in all species, 

especially under light limitation and supersaturation. All species reached their highest α* under the 

lowest gE, except for F. cylindrus for which a maximal plateau was maintained at average gE 

intensities (gE/gEopt around ≈0.5) (Fig. 4a). At all gE intensities above the one corresponding to 

species respective maximal α*, α* was markedly lower although the decrease was steeper in F. 

cylindrus. Moreover, the Chl a-specific saturated rate of photosynthesis (P*
M) as a function of 

gE/gEopt (Fig. 4b) was not systematically larger under higher gE/gEopt as expected when 

investment in Chl a is reduced (Macintyre et al., 2002). Instead, contrasting patterns of P*
M versus 

gE/gEopt were observed across species, remaining roughly stable in N . frigida, being clearly 

lower for gE/gEopt > 1 in F. cylindrus or steadily increasing in T. gravida and increasing even 

more in C. neogracilis (Fig. 4b). Aside from the points at the lowest gE intensity in F. cylindrus, 

the photoacclimation parameter (EK) followed a linear increase as a function of gE/gEopt, with a 

steeper slope in C. neogracilis (71) and T. gravida (43) than in N. frigida and F. cylindrus (≈12) 

(Fig. S6).       
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Figure 4: The chlorophyll (Chl) a specific light-limited slope of photosynthesis (α*) (a) and light saturated 
rate of photosynthesis (P*

M ) (b) measured with 14C-uptake photosynthesis response curves plotted versus 
the dimensionless ratio between growth light (gE) intensity and gE for maximal growth rate (gE/gEopt), 
where the vertical dashed line represents gE/gEopt = 1, in the five Arctic diatom species studied. All data 
points are triplicate mean ± SD. Species abbreviations are found in Table 1. 
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Photosynthetic 14C-uptake response curves parameters normalized to C and growth efficiency   

In contrast to a previous review of temperate diatoms (MacIntyre et al., 2002), the C-

specific light saturated rate of photosynthesis (PC
M) 

 responded strongly to gE in a similar pattern 

across species, albeit with varying amplitudes, the narrower in C. neogracilis and the wider in F. 

cylindrus (Fig. 5a). We measured the maximal PC
M in Fragilariopsis cylindrus under gE/gEopt ≈ 

1, and under gE/gEopt < 0.4 for the other species. Meaning that PC
M were lower under more intense 

gE/gEopt for all species, but also under lower gE/gEopt when available (Fig. 5a).  In all species, 

the C-specific 20 min 14C-uptake at a given gE extrapolated over 24 h (PgE) (Fig. 5b) varied 

similarly to PC
M. Growth rates were poorly predicted by PgE changes within a species independent 

of light intensity, but rather seem to be distinctive characteristics among species, with C. 

neogracilis standing out with higher growth rates than all other species even at equal PgE (Fig. 5c). 

Variations in growth efficiency (ηg, Eq. 11) as a function of gE/gEopt showed a pattern inverse to 

those of PC
M , reaching ηg ≈ 1 under gE/gEopt where PC

M was at its lowest (Fig. 5d). Except for C. 

neogracilis, which showed fairly consistent ηg between 0.8 and 1 across gE, all species showed 

large changes in ηg with minimal values between 0.3 and 0.5 (Fig. 5d). Surprisingly, at the 

extremes of the gE intensities range N. frigida showed some ηg values above 1 (Fig. 5d), which 

suggest the cells could not fully acclimate to these light intensities in three weeks and were possibly 

partly relying on carbon reserves or that some cells were dying due to light stress (see Discussion).   
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Figure 5: The carbon specific maximal rate of photosynthesis (PC

M) measured with 14C-uptake 
photosynthesis response curves plotted versus the dimensionless ratio between growth light intensity 
(gE) and gE for maximal growth rate (gE/gEopt) (a) and the C-specific 20 min 14C-uptake under a given 
growth light (gE) intensity extrapolated over 24 h (PgE) plotted versus gE intensity (b). All growth rates (µ) 
measured across species plotted versus PgE (c) and the growth efficiency (ηg) plotted versus gE/gEopt  (d). 
In a and c, the vertical dashed line represents gE/gEopt = 1. In c, circles correspond to gE/gEopt values 
<0.5, diamonds to values between 0.5 and 1, and triangles to values >1. The dotted line represents either 
the theoretical maximal 1:1 ratio between µ and PgE in c, or a ηg of 1 in d. Except in c, all data points are 
triplicate mean ± SD. Species abbreviations are found in Table 1. 
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Fluorometric index of Photosystem II and xanthophyll pigments 

 The dark-acclimated quantum yield of PSII (FV/FM) was relatively stable within species 

under gE < gEopt, but varied among species from ≈0.50 in F. cylindrus and C. gelidus, to ≈0.60 in 

C. neogracilis (Fig. 6a). At gE > gEopt, FV/FM sharply dropped by more than 50% in all species 

except C. neogracilis. Similar trends were observed for the effective absorption cross-section size 

of the antenna serving PSII (σPSII), ranging across species from 280 to 400 Å2 quanta-1 under low-

to-moderate growth light, and showing a ≈50% decrease under supersaturating light (Fig. 6b). The 

lower values of FV/FM and σPSII paralleled a more than 10-fold increase in total xanthophyll 

pigments (diadinoxanthin and diatoxanthin) between the lowest and highest growth light intensity, 

across all species (Fig. 6c). The de-epoxidation state, reflecting activated photoprotection via 

diadinoxanthin conversion to diatoxanthin, was also higher in all species under higher growth light 

intensities, but remained 2-to-3 times lower in C. neogracilis compared to the other species, even 

for similar gE/gEopt (above 3) (Fig. 6d).  
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Figure 6: The dark-acclimated quantum yield of photosystem (PS) II (FV /FM) (a), the apparent size of PSII 
antenna functional cross-section  (σPSII) (b), the sum of xanthophyll pigments diadinoxanthin (DD) and 
diatoxanthin (DT) (c) and the de-epoxidation state (DES) of the xanthophyll pool (d) plotted versus the 
dimensionless ratio between growth light (gE) intensity and gE for maximal growth rate (gE/gEopt), where 
the vertical dashed line represents gE/gEopt = 1, in the five Arctic diatom species studies. All data points 
are triplicate mean ± SD. Species abbreviations are found in Table 1. Fucoxanthin, chlorophyll c and β-
carotene content are shown in Fig. S10.   
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14C-uptake response curves comparison between field samples and monospecific cultures 

 We used the 14C-uptake response curves data measured in situ on sea-ice and planktonic 

communities during the Green Edge project (Oziel et al., 2019; Randelhoff et al., 2019; Massicotte 

et al., 2020) to compare to our lab measurements on monospecific cultures. Planktonic 

communities showed significantly higher (p-value < 0.001, all test results in Fig. S11-S12) α* 

(≈0.4 versus 0.015) and P*
M (≈1.4 versus 0.5) compared to sea-ice communities (Fig. 7a-b). The 

effect between low and high light history (LH) was significant only for α* (p-values < 0.01) and 

we did not observe significant interaction between the two factors. Sentinel sympagic N. frigida 

was the only species which showed significantly different α* and P*
M values compared to 

planktonic communities but not with sea-ice ones. The other species that can grow in sea-ice, F. 

cylindrus, was significantly different to sea-ice communities in both parameters. We further tested 

N. frigida and sea-ice samples responses in α* and P*
M depending upon LH by regrouping their 

respective parameters values in subgroups for the three different LH (Fig. 7c-d). Overall, the trends 

with regards to LH intensity were similar, with the only significant being higher α* for N. frigida 

than for natural sympagic communities under low LH (p-value <0.001). Moreover, sea-ice samples 

showed a significant decreased in P*
M between low and high LH, while N. frigida did not. There 

was no significant difference for both α* (p-value = 0.56) and P*
M (p-value = 0.86) when we 

compared the four species that can be abundant in the water column to natural planktonic samples 

(Fig. S12). 
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Figure 7: Boxplots comparing data distribution of chlorophyll (Chl) a specific light-limited slope of 
photosynthesis (α*) (a) and light saturated rate of photosynthesis (P*

M) (b) measured on sympagic 
communities sampled during the Green-Edge 2016 ice-camp and planktonic sampled communities during 
the 2016 Amundsen expedition. In (c) and (d), α* and P*

M are compared between lab monocultures of 
sentinel Arctic sympagic species Nitzschia frigida and sympagic communities, sub-grouped by light history 
(LH), i.e., by growth light intensity (gE) for lab cultures or in situ photosynthetically available radiation 
(PAR) for natural communities. Low LH (LLH), medium LH (MLH) and high LH (HLH) are assigned to daily 
average gE or PAR of < 40, between 40 and 80 and > 80 µmol photons m-2 s-1 respectively. ANOVA F-values 
and p-values are shown in each panel and different letters indicate significantly different groups by 
Tukey’s HSD test, all statistics and comparison between other species and in situ planktonic communities 
can be found in Supporting Information Fig. S11-S12.  
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Discussion   

We set out to decipher the photoadaptation strategies of five diatom species important in 

the Arctic Ocean. We grew these species over a wide range of ecologically representative growth 

light intensities (gE), to determine their photophysiological plasticity boundaries and relate these 

properties to the light niches where they are dominant/abundant over seasonal succession (Table 

1). We documented a gradient in the species respective light intensities for maximal growth 

(gEopt) suggesting divergent light response plasticity, for the most part aligning with species 

sequential dominance (Fig. 2 and see species ecological niches in Fig. 1 and Table 1). Other 

photophysiological parameters including productivity/growth rates, the early onset of DES 

increase relative to gE/gEopt and sensitivity to photoinhibition, supported this ecophysiological 

framing, although some parameters only showed clear contrasts between the succession 

endmembers, N. frigida and C. neogracilis. For instance, dual sympagic-planktonic F. cylindrus, 

marginal ice zone dominant T. gravida and open-water C. gelidus showed similar µM of ≈ 0.3 d-1, 

but only F. cylindrus suffered serious photoinhibition and growth rate decrease under gE > gEopt 

(Fig. 2). Based on N. frigida and C. neogracilis photoadaptative strategies as well as field results 

on natural communities, we synthesized low-light/sympagic and high-light/open-water specialists’ 

typical responses to light increase and linked it to in situ seasonal species succession and 

accompanying environment shifts (Fig.8).   
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Figure 8: Synthesis figure of the interaction between Arctic diatoms photoacclimative response to the habitat and 
light environment shift over a typical spring-to-summer Arctic diatom succession in Baffin Bay (where the Green 
Edge campaigns were conducted) (a). Daily averaged photosynthetically available radiation (PAR) in µmol photons 
m-2 s-1 at the sea-ice-water interface during the 2015 and 2016 ice-camps (b), and at the water column surface (≈1 
m) and at the chlorophyll a maximum (CM) (CM progressing depth is shown in Fig. 1c) during the 2016 oceanographic 
campaign (c). Horizontal lines indicate studied Arctic species light intensity for maximal growth (gEopt, in µmol 
photons m-2 s-1), numerical and color code are shown next to species name on the light gradient representation. The 
typical variations in photophysiological parameters upon gE intensity increased below or above growth saturation 
(above or below gEopt) in low-light (LL) specialists (based on sympagic Nitzschia frigida) and in high-light (HL) 
specialists (based on open-water planktonic Chaetoceros neogracilis) (d). See Material and methods and Fig. S1 for 
definition of the abbreviated parameters shown. 
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Extremes of the growth light gradient reveal atypical photoacclimative responses in Arctic diatoms 

Acclimation patterns in many key photoacclimative features (C-to-Chl a ratio, the Chl a-

specific initial slope of photosynthesis (α*) and C-specific saturated rate of photosynthesis (PC
M )) 

in the Arctic diatoms species studied were similar to  expectations from temperate diatoms only 

over a narrow range of moderate growth light intensities (Macintyre et al. 2002), while showing 

unexpected variations under light limitation (gE<<gEopt) or supersaturation (gE>gEopt). It is 

important to investigate the nature of these findings as C-content and photosynthesis activity 

normalized to Chl a are keystone parameters of the photoacclimation model (Geider et al. 1998) 

on which several primary production (Bouman et al., 2018; Losa et al., 2019) and cell division 

rate (Sathyendranath et al., 2009; Randelhoff et al., 2020) models are based.  

The C-to-Chl a parameter typically increases linearly with growth light intensity as cells 

decrease their investments in Chl a and light-harvesting proteins under more abundant light 

resource and is often used to model microalgae growth and dynamic physiological state (Geider, 

1987). In N. frigida alone, we observed a break in the linear plot of C-to-Chl a against gE/gEopt 

at gE ˃ 4 gEopt (Fig. 3b), which could indicate severe photodamages under supersaturating 

irradiance for this shade-adapted sympagic species. Another surprising feature was the 

stabilisation (and increase in C. gelidus) of C-to-Chl a as the gE was more limiting (gE ≈0.1gEopt) 

in four out of the five species examined, contrasting with the general trend in temperate diatoms 

(MacIntyre et al., 2002), although exceptions have been reported (e.g., Skeletonema costatum, 

Falkowski and Owens (1980)). In the C-to-Chl a ratio range for which a linear increase as a 

function of gE intensity was observed, the steepest slopes were measured in N. frigida and F. 

cylindrus (Table 2), which indicate larger fluctuations in Chl a investment over narrow light 
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intensity changes, as expected in shade-adapted organisms (notice also the lowest C-to-Chl a slope 

in T. gravida and C. neogracilis). However, the C-to-Chl a slopes versus gE/gEopt were closer 

(although still clearly lower in T. gravida) (Table 1), indicating similar regulations among species 

when expressed relative to their respective growth potential. The minimal ≈25 g∙g-1 C-to-Chl a 

ratio to which species roughly converged under the most limiting gE intensity (more visible as the 

inverse ≈0.04 g∙g-1 Chl a-to-C in Fig. 3b), is similar to the extrapolated y-intercept observed in 

temperate diatoms (Lacour et al., 2017). However, we find here that C-to-Chl a values diverge 

from a linear model at the most limiting gE intensities, which could be ecologically relevant, 

particularly for sympagic diatoms which dominate in Arctic primarily when light intensity is 

extremely low (Hancke et al., 2018) (Fig. 1). An equilibrium at ≈25 g∙g-1 C-to-Chl a is possibly 

reached between the minimal C quota for survival and as the “return on investment” for 

synthesizing new Chl a saturates, because absorption per pigment molecule decreases beyond a 

threshold due to internal self-shading (Morel & Bricaud, 1981).      

Despite unexpected variations in C-to-Chl a at very low gE intensity, we observed roughly 

stable α* in this gE/gEopt range (except in F. cylindrus), as expected because Chl a content 

correlates positively to photon delivery. However, under higher gE, but still below gEopt, all 

species showed a similar decrease in α* except F. cylindrus for which the decrease was steeper 

but for which α* overshot to values at least 50% higher than any other species for equal 

intermediate gE/gEopt (0.3 to 1) (Fig. 4a). Noteworthy, a constant ratio between α and Chl a 

content relies on strong assumptions, notably that both the photon/electron requirement per fixed 

C remain unvaried. In temperate species, the photosynthetic electron transport and the CBB cycle 

are expected to face no thermodynamic restrictions under the limiting light intensities defining α.  
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However, this is possibly not the case for polar species as low temperature can impose constraints 

on C-fixation (Young et al., 2015), which could trigger acclimative processes remaining active 

while the samples are transferred to lower light for 14C-uptake measurements, and thus affect α*. 

Crucially, the earlier member of the succession, sympagic or planktonic more dominant in the 

marginal ice zone, for which we previously reported important sustained NPQ in darkness and 

under sub-saturating light, N. frigida, F. cylindrus and T. gravida (Lacour et al. 2018, Croteau et 

al. 2021), developed DES 2-to-3 fold higher than in the Chaetoceros species under gE < gEopt 

(Fig. 6d). Such light energy dissipated as heat would increase the photon requirement for C-

fixation, hence lower α*. A possible advantage of dissipating light energy via reversible NPQ at 

limiting light rather than by degrading Chl a, could be to maximize harvesting of weaker light 

intensities at lower solar angle over a daily cycle or when planktonic cells undergo deep mixing 

(when NPQ can be downregulated). This could be particularly crucial for sympagic species as 

from the onset of the snowmelt period, it takes less than three weeks for the average daily PAR to 

exceed N. frigida’s gEopt (Fig. 1b), highlighting the need to exploit daily periods of lower light 

(Lacour et al., 2020). Photodamages can also decrease α* under intense gE (Marshall et al., 2000), 

but our data plotted as a function of gE/gEopt indicate a lag between the decrease in α* (Fig. 4a) 

and the decrease in FV/FM  (Fig. 6a), suggesting photodamages could only explain lower α* under 

the highest gE intensities. Downstream of photon absorption, various alternative electron fluxes 

can lead to ATP production without generating NADPH which increases the electron requirement 

for C-fixation (and decrease α* if active under limiting light). These pathways are usually more 

active under high light and provide photoprotection (Wagner et al., 2016), but not always, as for 

instance cyclic electron flow around PSI is constitutive in green organisms (Munekage et al., 
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2004), a pathway suspected of having an enhanced rate in F. cylindrus compared to temperate 

diatom counterparts (Goldman et al., 2015). Interestingly, Kulk et al. (2019), described a 2.5-fold 

increase in electron requirement per C fixed under limiting growth light in two out of four Antarctic 

diatom species, including Fragilariopsis sp. Coinciding with F. cylindrus being the only species 

for which we observed decreasing α* under the lowest gE in this study.  

Contrasts in C-specific productivity among species and depending upon growth light intensity 

Data on C-specific 14C-uptake also reflected a photoadaptation gradient, with the lowest 

PC
M in sympagic N. frigida and maximal PC

M in open-water C. neogracilis. In a deviation from a 

straightforward gradient of species of increasing productivity along the habitat seasonal 

transformation, maximal PC
M was higher in dual sympagic/planktonic F. cylindrus than in 

marginal ice zone dominant T. gravida and open-water C. gelidus. Nonetheless, as for other 

parameters in F. cylindrus, PC
M varied drastically depending upon gE, reflecting this species 

optimal performance under a very narrow range of gE. We extrapolated the 20 min 14C-uptake 

under gE to 24 h (PgE) to compare it to species growth rates (net production). It can be contentious 

to use short 14C-incubation to gauge gross-to-net production because photosynthates are allocated 

to different metabolic pools (Milligan et al., 2015) with different turnover rates. However, we 

believe it is reasonable to use 20 min 14C-uptake to compare trends in PgE over a large gE/gEopt 

range with parallel measurements of growth rates, to distinguish photoadaptative features between 

species (Fig. 5). Both F. cylindrus and C. neogracilis showed higher maximal PgE than the other 

species, possibly reflecting high investment in Rubisco (Goldman et al., 2015; Young et al., 2015). 

But strikingly, high C-fixation only converted into higher growth rates in C. neogracilis (i.e., high 

growth efficiency (ηg, Eq. 11) ), showing that if elevated CBB capacity is a prerequisite for fast 
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growth rates (Behrenfeld et al., 2021), it is not necessarily sufficient. Halsey et al., (2010, 2011) 

showed that photosynthates partitioning between pools of short lifetimes respired for energy 

balance, and long lifetimes used for growth, vary between species. Yet the partitioning generally 

trends towards longer lifetimes metabolites as growth rates approach µM  and more cells in the 

population are in division phase at a given moment, yielding 14C measurements closer to net 

production (higher ηg) (Milligan et al., 2015). Except for the lowest gE intensity in F. cylindrus, 

our results generally agree with this model, although it seems like the highest ηg were reached past 

µM, when growth rates began to be photoinhibited for the earlier species of the succession (more 

in N. frigida and F. cylindrus than in T. gravida) (Fig. 6d). It is possible that some cells died under 

supersaturating light and that an increased in underlying death rate led to an underestimation of µM 

when ηg peaked towards ≈1. We noticed empty frustules under the two highest gE intensities when 

counting N. frigida by inverted microscopy, but we could not accurately estimate death rates. More 

acute photoinhibition in sea-ice/dual-form pennate species (N. frigida and F. cylindrus) compared 

to centric planktonic species may be due to expanded up-regulation of the reactive oxygen species 

scavenging machinery under high light stress in the former (Kvernvik et al., 2020). Interestingly, 

we noticed an inverse linear relationship between ηg and α* (R2=0.51) and PC
M (R2=0.45) (Fig. 

S8). This might indicate that when photosynthates are mostly allocated to growth (increasing ηg), 

up-regulation of alternative electron fluxes overtake energy balance rather than chloroplast to 

mitochondrion shuffling (decreasing α* and PC
M)  (Bailleul et al., 2015).  

Comparison between lab and in situ 14C-uptake curves 

Next, to validate that the contrasts between sympagic and planktonic species are 

representative of in situ dynamics, we compared it to α* and P*
M  monitored over the Green Edge 
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campaigns (Oziel et al., 2019; Randelhoff et al., 2019; Massicotte et al., 2020) (Fig. 7). Field 

measurements supported our findings, with significantly higher α* and PC
M in natural planktonic 

communities compared to sympagic ones (p-value < 0.001, Fig. 7a-b). Moreover, the responses of 

α* and PC
M  as a function of in situ gE/PAR intensities were much alike between sympagic N. 

frigida, and in situ sympagic communities although it diverged from what is expected in temperate 

diatoms (MacIntyre et al., 2002). Planktonic samples did not show any significant differences 

when regrouped by LH (Fig. S12) possibly because of greater and stochastic (as opposed to 

progressively driven by snowmelt) daily variations in light availability (Fig. 1c-d) muddling 

photoacclimation patterns, shifts in assemblages composition (Fig. S3) and/or decreasing nutrients 

stocks post-bloom (Krause et al., 2019; Lafond et al., 2019). Nevertheless, despite its simplicity 

(notably considering daily PAR at a single depth without integrating vertical mixing), this 

comparative approach confirms that lab measurements on species relevant to the ecological niche 

sampled are in the range of field measurements on natural assemblages.       

Specialists versus generalist photoadaptation and trade-offs with other environmental pressures       

We linked the contrasted responses of succession endmembers N. frigida and C. 

neogracilis to low-light and high-light specialists respectively (Fig. 8). By comparison, the 

intermediate responses of F. cylindrus, T. gravida and C. gelidus can be seen as more generalist 

photoadaptation. This raises the question at to the potential trade-offs between specialist and 

generalist photoadaptation strategies in natural conditions? We proposed N. frigida evolved a 

survivalist strategy related to its extreme environment, characterized by nutrient stresses, 

hyperoxia, sub-zero temperatures and osmotic shocks (Thomas & Dieckmann, 2002) overlapping 

with large shifts in PAR (Fig. 1b). Sympagic species express extensive molecular machinery to 
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cope with environmental stresses (Mock et al., 2017), and allocate important resources to 

protective exopolysaccharides (Krembs et al., 2011) and ice-binding proteins (Janech et al., 2006), 

which improve their survivability in sea-ice rather than increasing productivity. Considering N. 

frigida dominance in Arctic sea-ice (≈60% of cell counts in our data (Fig. 1d), see also (Poulin et 

al., 2011)) it is tempting to suggest its photoadaptive plasticity reflects a near-optimal balance 

between strong resilience against stress with limited potential gross productivity in in situ sea-ice 

conditions. Intriguingly, while N. frigida is clearly less productive and more photoinhibited under 

supersaturating gE (also visible in sympagic/planktonic F. cylindrus) than planktonic species, no 

evidence supports ice-related photoadaptation as being advantageous under lower growth light 

intensity (see the initial slope of light-limited growth rate (Fig. 2e), PgE under low gE (Fig. 5b) 

and similar conclusions reached by (Kvernvik et al., 2021)). Arctic spring time means low light 

intensities but also very short photoperiods, and variations in diatoms’ growth rates as a function 

of photoperiod are species-dependent (Shatwell et al., 2013; Li et al., 2016). An important 

hypothesis to test, by covarying photoperiod length and growth light intensity, is whether, 

compared to planktonic species, ice-related species evolved optimized opportunistic utilization of 

short-lived light doses.  

The contrasting high-light specialist strategy of C. neogracilis raises other questions: Why 

does C. neogracilis not dominate over the other species in natural conditions? Or perhaps, why 

have the other species have not evolved similar high-productivity-oriented strategies? One partial 

answer may come from light niche and depth adaptation. Chaetoceros species are not as much 

associated with less intensely lit ice-covered waters than Fragilariopsis or Thalassiosira (Poulin 

et al., 2011; Lafond et al., 2019). Moreover C. gelidus often colonizes the deep chlorophyll 
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maximum while C. neogracilis typically dwell in more intensely illuminated surficial waters 

(Balzano et al., 2012, 2017). The strains used were isolated from these contrasted depths, which 

has been documented to influence photoadaptation (Bailey et al., 2005). However, diatom blooms 

are not strictly dependent upon the fastest growth rates but are rather driven by imbalances between 

photosynthetic growth, grazing (Behrenfeld et al., 2017) and sinking. Chaetoceros neogracilis is 

the smallest species of our study and is most often found in solitary cells, in opposition to all other 

species which form colonies of dozens of cells (von Quillfeldt, 2000; Balzano et al., 2017). In 

diatoms, both larger cellular volume (Smetacek et al., 2004) and colony size, which can increase 

in the presence of predators (Bergkvist et al., 2012), seem to reduce population susceptibility to 

grazing. Recently, Behrenfeld et al., (2021) challenged the traditional view of an allometric limit 

to the maximal growth rates of larger cells and proposed instead that smaller/solitary taxa might 

have been “forced” to evolve faster growth rates to outgrow predation, which could explain the 

photoadaptation strategy observed here in C. neogracilis. As for the molecular adaptation 

underpinning faster growth rates in C. neogracilis even with PgE similar to other species (Fig. 5), 

it is possible C. neogracilis invests more in phosphorus-rich division machinery (Klausmeier et 

al., 2004). Elemental stoichiometry of nine polar species revealed lower N:P ratios in the 

Thalassiosira genus (Lomas et al., 2019), which are important bloomers in the Arctic (Booth et 

al., 2002; Arrigo et al., 2012; Balzano et al., 2017), but the study did not include Chaetoceros 

representatives (nor Fragilariopsis nor Nitzschia). Interestingly, an earlier study on Arctic diatoms 

(Sakshaug et al., 1991), focused on Chaetoceros furcellatus and Thalassiosira nordenskioeldii, 

typical of late Arctic seasonal succession (Poulin et al., 2011; Luddington et al., 2016). In 

Sakshaug et al., (1991), both species showed barely lower α* and higher P*
M when grown under 
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400 rather than 25 µmol photons m-2 s-1, much like C. neogracilis and T. gravida here. However, 

C. furcellatus and T. nordenskioeldii, which both form colonies, showed maximal growth rates 

much closer to T. gravida (≈0.33 d-1) than C. neogracilis (≈0.66 d-1). This reinforces the importance 

of integrating species representative of diverse niches for comprehensive description of ecological 

dynamics, as previously reported in temperate planktonic (Lavaud et al. 2007, Fisher et al. 2021) 

and microphytobenthos (Barnett et al., 2015) diatoms. 

Concluding remarks 

This study highlights that a shift in optimal light for growth across Arctic diatom taxa aligns 

with their seasonal succession during spring bloom, and that species found later in the succession 

are more productive and less sensitive to photoinhibition. Moreover, we revealed that many key 

assumptions regarding phytoplankton responses to light availability in models (linear increases in 

C-to-Chl a and P*
M, and phenotypically invariant α* and PC

M under ranging growth lights) are 

oversimplifications with regards to Arctic diatom diversity. This is especially true under limiting 

and supersaturating light conditions, which are inherent to the Arctic Ocean seasonal cycle. These 

results will be useful to improve productivity models and anticipate perturbations of diatoms 

succession dynamics in the rapidly changing Arctic Ocean. A more intense light environment with 

less ice (Lewis et al., 2020) should favor higher µM strategist (Behrenfeld et al., 2021) like C. 

neogracilis, but trade-offs with other factors in the natural context, including photoperiod regime, 

grazing pressure and nutrient availability need to be further investigated. Variations in primary 

production curves are often reported between different water masses (ice-covered versus ice-free) 

in Arctic oceanographic campaigns but mostly interpreted as due to varying environmental 

conditions (Schuback et al., 2017; Lewis et al., 2018; Zhu et al., 2019). Additionally, we show 
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here by comparing lab and in situ data, that a niche-resolved approach can also yield valuable 

insights. To better comprehend ecological perturbations in the rapidly changing Arctic Ocean, we 

reckon it is essential to factor in both environmental parameters and niche adaptation (Caracciolo 

et al., 2021).  
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