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A B S T R A C T   

The phytoplankton in coastal regions are responding to constant environmental changes, thus the use of proxies 
derived from in situ frequent time-series observations and validated from traditional microscopic or pigment 
methods can be a solution for detecting rapid responses of community dynamics and succession. In this study, we 
combined in situ high-frequency (every 30 min from May to September 2017) optical and hydrographic data from 
a moored buoy and weekly discrete samplings to track phytoplankton community dynamics and succession in 
Mausund Bank, a highly productive region of the coast of Norway. Three hydrographic regimes were observed: 
mixing period (MP) in spring, onset of stratification (transient period, TP) in summer and a stratified period (SP) 
in fall, with occasional strong winds that disrupted the surface stratification in the beginning of September. A 
bloom dominated by the diatom Skeletonema costatum was observed in the MP due to intense mixing and nutrient 
availability, while flagellates prevailed in nutrient-poor waters during the TP, followed by a bloom dominated by 
rhizosolenid diatoms (Proboscia alata and Guinardia delicatula), when stratification peaked. A mixed assemblage 
of diatoms (e.g. Pseudo-nitzschia), coccolithophores and dinoflagellates occurred during the SP, as strong winds 
reintroduced nutrients to surface waters. Through pigment (chemotaxonomy) and microscopic observations, we 
tested, for the first time in a coastal region, whether an ‘optical community index’ derived from in situ mea-
surements of chlorophyll a fluorescence (Fchla) and optical particulate backscattering (bbp) is suitable to 
differentiate between diatom versus flagellate dominance. We found a negative relationship between Fchla:bbp 
and diatom:flagellate, contrary to previous observations, possibly because of the influence of non-algal contri-
bution (e.g. zooplankton, fecal pellets and detritus) to the bbp pool in highly productive systems. This finding 
suggests that such relationship is not universal and that other parameters are needed to refine the optical 
community index in coastal regions.   

1. Introduction 

Marine phytoplankton communities rapidly respond to short- (e.g. 
diurnal and tidal fluctuations), seasonal (e.g. water column stability, 
temperature, photoperiod) and long-term (e.g. climate-induced) envi-
ronmental changes (Beaugrand et al., 2002; Blauw et al., 2012). Changes 
in the community composition and function of primary producers 
impact energy transfer to the upper trophic layers and global biogeo-
chemical cycles (Beaugrand et al., 2002). 

The plankton in coastal regions are responding to constant 

disturbances, which impose a persistent pressure for each species to 
compete over resources and/or acclimate and adapt to the new condi-
tions (Blauw et al., 2012). Hydrographic forcing (advective currents, 
storm events, upwelling, tides, fronts and eddies) occurring on the scale 
of hours to days and irregular bathymetry (particularly at shallow bank 
areas) frequently alter the physical environment in coastal regions 
(Fragoso et al., 2019a). Seasonality, mainly in temperate and high lat-
itudinal coastal zones, is also known to drive phytoplankton community 
succession, since the balance between mechanical mixing (winter mix-
ing, seasonal storms) and stratification (thermally- or haline-driven, e.g. 
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ice melt, riverine input) changes throughout the year (Edwards et al., 
2013). The degree of physical disturbance (in terms of severity and 
frequency) and its seasonal variability determine phytoplankton species 
succession, the state of community organization and diversity in these 
areas (Reynolds, 1993). 

Because plankton can rapidly respond to environmental variability 
(e.g. light, temperature and nutrients), time-series measurements with 
high temporal resolution (e.g. sub-hourly) are needed to study the 
fluctuation of community composition in coastal, highly dynamic en-
vironments (Martin-Platero et al., 2018). Analyses of plankton samples 
via traditional microscopic approaches are, however, challenging 
because they are time-consuming, limiting the number of samples that 
can be processed and, thus, the temporal resolution that can be realis-
tically achieved. For this reason, in situ techniques that capture fine-scale 
temporal trends in plankton communities are necessary to monitor rapid 
changes and understand community dynamics. Such techniques include 
enabling automated (pre-defined settings, e.g. imaging flow cytometer, 
Fragoso et al. (2019b)) and autonomous technologies (‘trained’ to make 
its own decisions via machine learning, e.g. silhouette camera (Davies 
and Nepstad, 2017; Fossum et al., 2019; Fragoso et al., 2019a) for 
plankton quantification and identification. While in situ techniques are 
necessary, taxonomic investigations using conventional approaches 
(microscopic and pigment-based) are still important for data validation. 

Bio-optical techniques are often used for in situ detection of plankton 
taxonomic groups and function based on their optical fingerprint 
(pigment composition, in vivo spectral absorption, reflectance, fluores-
cence and scattering) and ecological significance (autotrophic versus 
heterotrophic roles using flow cytometry, for example) (Pereira et al., 
2017). Many field observations of phytoplankton are based on optical 
signals either directly from the cells (e.g. chlorophyll a fluorescence, 
Fchla) or measurements of backscattered light, which is modulated by 
the interaction of light with cells in the water (Lehmuskero et al., 2018). 
Recently, a simplistic approach that uses the ratio of Fchla (as a proxy for 
chlorophyll a concentration [Chl a]) to particulate backscattering coef-
ficient (bbp) from sensors attached to moored buoys and gliders has been 
suggested to differentiate diatom- and flagellate-dominated commu-
nities (Cetinić et al., 2012, 2015). In addition to group-specific taxo-
nomic segregation, deviations of patterns of Fchla and bbp, which 
generally covary in a power relationship, have been attributed to 
changes in photo-acclimation or the contribution of non-algal particles 
(Barbieux et al., 2017). This proxy has successfully explained changes in 
community composition in open, clear waters, non-dominated by coc-
colithophores (which highly contribute to backscattering) (Cetinić et al., 
2015). However, it is still necessary to investigate the Fchla:bbp 
approach for determining community composition in coastal waters to 
fully understand its applications and limitations in marine systems. 

In this study we track the community dynamics and succession in a 
biological hotspot near the Frøya island in the Froan archipelago (highly 
productive region) at the coast of mid-Norway. The goals are to study 
the hydrodynamic impact on phytoplankton community and species 
succession in a biological hot-spot and to investigate whether an optical 
index is suitable to determine in situ functional groups (diatoms and 
flagellates) ratios. We combined pigment characteristics (chlorophylls 
and carotenoids from discrete water samples) and in situ optical detec-
tion of Fchla and bbp from a moored buoy to identify the phytoplankton 
functional groups (diatoms versus flagellates). We used high-frequency 
(temporal resolution of 30 min) time-series hydrographical and optical 
data from sensors, ideal for detecting rapid temporal change, with 
discrete water sampling of phytoplankton taxonomy (microscopic and 
pigment-based) to validate our findings. This study uniquely provides 
the basis for understanding the relationship between Fchla and bbp 
variations and phytoplankton community structure in coastal regions 
and can be applicable to other highly productive and dynamic 
ecosystems. 

2. Methods 

2.1. Study area 

The Mausund Bank area (63.8◦- 64.2◦N, 8.2◦–9.0◦ E) is located in the 
Froan archipelago, off the coast of mid-Norway. This area was chosen for 
our study because it is considered a dynamic biological hotspot where 
shallow irregular bathymetry, wind, tidal mixing and internal waves 
sustain high levels of primary productivity and biological diversity 
(Fragoso et al., 2019a). The dominant oceanic currents are the Norwe-
gian Coastal Current (NCC) and the North Atlantic Current (NAC). The 
NCC is a surface water mass that flows northwards along the coast of 
Norway and consists of a mixture of brackish water from the Baltic and 
freshwater runoff from the Norwegian fjords (Skagseth et al., 2011). The 
main flow of NAC brings warm, saline and nutrient-rich Atlantic Water 
(AW) along the shelf break with side branches bringing AW on to the 
shelf underneath the fresher NCC. This water may reach the surface 
through coastal upwelling or can occasionally intrude onto the bank via 
internal waves (Fragoso et al., 2019a). 

2.2. Buoy sampling 

An oceanographic moored buoy with sensors (see below) was 
deployed at the edge of Mausund Bank (63◦ 57′ 48.9′′ N, 8◦ 37′ 53.4′′ E, 
~150 m deep) for time series data collection (sample interval 30 min) 
from 16th May - 15th September 2017 (Fig. 1). In situ Fchla (λex = 470 nm, 
λem = 695 nm) was used to estimate [Chl a] in mg m− 3 and optical 
particulate backscattering coefficient at 700 nm measured at an angle, 
ϴ, of 124◦ to estimate bbp in m− 1 with an Eco Triplet BBFL2 sensor (Wet 
Labs, Oregon, USA). Both sensors were placed at 3 m depth. Atmo-
spheric downwelling irradiance (E) in the Photosynthetically Active 
Radiation (PAR) range (EPAR, 400–700 nm) was measured by an irra-
diance collector (2pi, 180◦), ECO PAR sensor (Wet Labs, Oregon, USA), 
mounted at the top of the buoy, 3 m above sea surface. Conductivity (to 
calculate salinity)–temperature–depth (CTD) sensors (Aanderaa In-
struments, Norway) were placed at 1, 10, 30 and 60 m depth. An 
Acoustic Doppler Current Profiler (ADCP, Aquadopp Profiler 400 kHz, 
Nortek, Norway) was placed downward-looking at 0.75 m depth and 
used to measure current direction and speed every 2 m down to 40 m 
depth. All sensors were factory-calibrated prior to buoy deployment. 
Data from the buoy were transferred in near real-time to the SINTEF SSO 
laboratory facility via mobile phone network. 

2.3. Field work and water sampling 

CTD casts and water samples for hydrographic, nutrient and bio-
logical analyses were collected, on average, every 7 days (varying from 3 
to 12 days between sampling) at two different locations at Mausund 
Bank. One station was within the bank (station A) and the other station 
at the northern edge of the bank, near the moored buoy (station B) 
(Fig. 1). Sampling occurred mostly during rising or high tide, unless 
weather conditions made it unfeasible. Photoperiod (day length in 
hours) was calculated based on the geographical coordinates of Mau-
sund Bank and sampling date using the NOAA Solar Calculator website 
(https://www.esrl.noaa.gov/gmd/grad/solcalc/). Table S1 (supple-
mentary material) shows the dates, distinct tidal conditions and 
photoperiod at each sampling time. 

Simultaneously with water sampling, a CTD (SD204 model, SAIV A/ 
S, Norway) was deployed on a winch at the side of the boat, where 
vertical profiles from the surface down to 100–150 m at each station 
were performed. To determine water column stability, the Brunt-Väisälä 
frequency (N2, s− 1), which represents the rate of the angular velocity at 
which a small perturbation of the stratification will re-equilibrate, was 
calculated from the CTD upcasts (Mojica et al., 2015). For this, we used 
the Matlab function sw_bfrq from the SEAWATER package (v.3) provided 
by the CSIRO (www.cmar.csiro.au). 
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Water samples were collected using a 2.5 L built-in water sampler at 
stations A and B at 5 and 15 m. Samples were collected for [Chl a] and 
other pigments, nutrients, particulate organic carbon (POC) and 
plankton identification and enumeration. Net tows (mesh size 20 μm) 
were performed close to the surface (<15 m) for phytoplankton iden-
tification and the concentrates from the net were fixed with formalde-
hyde to a final concentration of 4%. Lugol-fixed samples (neutral, 
~2–3% final concentration) were stored cold (4 ◦C) and in the dark for 
later microscopy in the laboratory. 

Nutrient samples were filtered with 0.8 μm polycarbonate filter to 
remove particles, collected in centrifuge tubes and frozen to − 20 ◦C for 
laboratory analyses. Nutrient concentrations (nitrite plus nitrate [NO2+

NO3], hereafter referred to as nitrate [NO3], silicate [SiO4], phosphate 
[PO4] and ammonium [NH4]), were determined using a continuous flow 
automated analyzer (CFA, Auto Analyzer 3, SEAL). 

For pigment analyses, 0.5 L – 2 L of water were immediately filtered 
(depending on biomass) onto a 25 mm Whatman GF/F glass fiber filter. 
After filtration, each filter was double-folded, wrapped in aluminum foil 
and placed into the freezer at − 20 ◦C for later analyses in the laboratory. 

For POC analyses, water was filtered (1 L – 2 L) onto a pre-combusted 
25 mm Whatman GF/F glass fiber filter and immediately inserted in 
cryovials and stored at − 20 ◦C for later analyses. 

2.4. Buoy data correction and indices 

A Stratification Index (SIbuoy, kg m− 4) was calculated from the buoy 
CTD measurements (from May to September 2017) to quantify water 
column stratification in the upper layer (10–60 m). SIbuoy was calculated 
as the maximum daily density (σθ) difference between 10 m and 60 m 
divided by the difference in depth (50 m) (Fragoso et al., 2016). 

Wind stress (τ) is calculated from wind speed (Ws) measurements 
from the buoy as τ = ρCdW2

s , where ρ = 1.2 kg m− 3 is the air density and 
Cd is the drag coefficient calculated as 

Cd = 10− 3*{ 1.14, Ws ≤ 10
0.49 + 0.065Ws,Ws > 10 

The formulation is from Large and Pond (1981) based on wind speed 
at 10 m height. The wind measurements at the buoy was at approxi-
mately 3 m height. 

Light scattering measurements from the Eco Triplet sensor were 
converted to volume scattering function of particles (βp, 700 nm) by 
subtracting the volume scattering function of the seawater (βsw) from the 
total volume scattering function (βtotal, 700 nm) from the volume scat-
tering function of the seawater (βsw), previously calculated in Zhang 

et al. (2009). To obtain the particulate light backscattering coefficient 
(bbp, m− 1), βp (700 nm) was multiplied by 2πχ, using a χ factor of 1.077, 
according to Sullivan et al. (2013). 

In situ Fchla data from the buoy were first corrected for non- 
photochemical quenching (NPq) occurrences. NPq is a mechanism by 
which live cells exposed to high light levels dissipate excess energy as 
heat (Huot and Babin, 2010). Empirically, NPq is manifested as a 
reduction in Fchla signal during the daytime hours, with maximum 
quenching (reduction) of Fchla signal occurring around noon and at the 
surface (Roesler et al., 2017). To correct for NPq, Fchla observations 
from times which EPAR exceeded 200 μmol photons m− 2 s− 1 were 
excluded according to Roesler et al. (2017). Data that were compro-
mised by biofouling on sensor windows (microphytobentos), which 
were identified by an exponential increase of Fchla and bbp coefficient 
signal to values considered out of range over a short period (hours), were 
removed from the analysis according to Roesler (2016). To reduce the 
variability of the data, a median of 7 consecutive points was calculated 
as in Cetinić et al. (2015). A list of parameters measured from the sensors 
and platforms as well as their symbology is described in Table 1. 

2.5. Pigment analyses 

Fluorometric [Chl a] that were determined in vitro are here defined as 
[Chlain-vitro]. This used a non-acidification method (Holm-Hansen and 
Riemann, 1978) with a Turner Designs Trilogy fluorometer (model: 
7200-000) after 2 h extraction at − 10 ◦C in 100% methanol. Addition-
ally, pigments were quantified using a reverse-phase High Performance 
Liquid Chromatography (HPLC) (Hewlett-Packard 1100 Series system) 
equipped with a diode array detector (spectral absorbance) and a 
Symmetry C8 column for pigment separation. The method used is 
described in Rodríguez et al. (2006) after modification from Zapata et al. 
(2000). Frozen filters were extracted for at least 24 h at − 20 ◦C in 100% 
methanol and extracts were re-filtered through Millipore 0.45 μm sy-
ringe filters to remove debris before injection into the HPLC system. 
HPLC calibration, specific extinction coefficients used for pigment 
quantification and limits of detection are reported in Fragoso et al. 
(2019a). 

2.6. Pigment interpretation and CHEMTAX 

The CHEMTAX software (version 1.95, Mackey et al., 1996) esti-
mates the quantitative [Chl a] (here defined as ChlaCHEMTAX) of distinct 
phytoplankton groups based on assumed ratios of accessory pigments to 
[Chl a] from the literature. This software utilizes a factorization program 

Fig. 1. Map showing the a) Froan archipelago in the coast of Norway and b) the area of Mausund, where stations were sampled within the bank (A) and at the edge of 
the bank (B) for discrete water sampling and where a mooring buoy with several sensors was placed (near station B, cross symbol). 
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to obtain the reduced dimension matrices that fit the data best, deter-
mined from the pigment in the model and smallest root mean square 
(RMS) of the residuals (for more details on CHEMTAX statistics, see 
(Fragoso et al., 2017)). For CHEMTAX analyses, in vitro chlorophyll a 
derived from HPLC analysis (ChlaHPLC) and the following accessory 
pigments were chosen because they are considered appropriate markers 
of many phytoplankton groups: 19-butanoyloxyfucoxanthin (But-fuco), 
19-hexanoyloxy-4-ketofucoxanthin (Hex-kfuco), 19-hexanoyloxyfucox-
anthin (Hex-fuco), alloxanthin (Allo), chlorophyll b (Chl b), chlorophyll 
c1+c2 (Chl c1+c2), chlorophyll c3 (Chl c3), fucoxanthin (Fuco), neo-
xanthin (Neo), peridinin (Peri) and prasinoxanthin (Pras). A complete list 

of pigments used in this study and their distributions in algal groups are 
found in Table 2. 

Before running CHEMTAX, initial pigment ratios for each phyto-
plankton group were carefully selected based on microscopic observa-
tions to ensure that matrices are applied and interpreted correctly 
(Irigoien et al., 2004). Initial pigment ratio tables were based on the 
geometric means of cultured phytoplankton groups exposed to a variety 
of EPAR derived from the literature (Higgins et al., 2011) (https://data. 
aad.gov.au/metadata/records/CHEMTAX). Because of the temporal 
variation in phytoplankton groups (as observed by microscopic ap-
proaches), the distinct initial pigment ratios were applied for three 
distinct physical and, consequently, irradiance regimes as described in 
Section 3.1. 

CHEMTAX is sensitive to the input values of the initial ratio matrix 
(Latasa, 2007), therefore, the average of the six best output matrices 
(with the smallest residuals) were chosen from 60 randomly generated 
pigment ratio tables (equivalent to 10%) (see Wright et al. (2009) for 
details). To obtain more stable output matrices, a second re-run of the 
best output matrices randomly generated was performed to further 
reduce the RMS (see input matrices and RMS values in Table S2, sup-
plementary material). 

To investigate the use of photoprotective carotenoids once cells are 
exposed to high light levels, carotenoids from the xanthophyll cycle, 
diadinoxanthin (DD) and diatoxanthin (DT) were quantified. The ratios 
of epoxidized (DD) and de-epoxidized (DT) forms to total HPLC-derived 

Table 1 
List of measured variables from different platforms (boat or buoy), their sym-
bology and methodologies.  

Parameter 
measured/ 
calculated 

Unit Symbol Instrument/plataform    

Boat Buoy 

Temperature, 
Salinity estimated 
from conductivity 

◦C T, S STD/CTD 
SD204 
(SAIV/AS) 

CTD 
(Aanderaa) 

In situ chlorophyll a 
fluorescence 

mg m− 3 Fchla  Eco Triplet 
BBFL2 (Wet 
Labs) 

In situ volume 
scattering 
function, 
calculated 
particulate 
backscattering 
coefficient 

m− 1 β700, bbp  Eco Triplet 
BBFL2 (Wet 
Labs) 

Irradiance μ mol 
photons 
m− 2 s− 1 

EPAR  ECO PAR 
(Wet Labs) 

Acoustic Doppler 
Current Profiler 

ADCP  Aquadopp 
(Nortek)  

Brunt-Väisälä 
Frequency 

s− 1 N2 STD/CTD 
SD204 
(SAIV/AS)  

Wind Stress N m− 2 τ   
Stratification Index 

from buoy 
measurements 

kg m− 4 SIbuoy  CTD 
(Aanderaa) 

Integrated EPAR 

values at 60 m 
μ mol 
photons 
m− 2 s− 1 

kg m− 4 

SIbuoy*EPAR   

Nutrient 
concentrations: 
Nitrate, 
phosphate, 
silicate, 
ammonium 

μM [NO3], 
[PO4], 
[SiOH4], 
[NH4]   

In vitro chlorophyll a 
extract 

mg Chla 
m− 3 

Chlain-vitro Turner 
design  

In vitro chlorophyll a 
extract 

mg Chla 
m− 3 

ChlaHPLC HPLC  

Xanthophyll 
pigments per 
chlorophyll a  

(DD+DT)/ 
ChlaHPLC   

De-epoxidation state 
of xanthophyll  

DT/(DD+DT)   

Chlorophyll a 
biomass per algal 
group 

mg Chla 
m− 3 

ChlaCHEMTAX Derived 
from 
CHEMTAX  

Particulate organic 
carbon 

mg m− 3 POC   

Carbon biomass per 
algal group 

mg m− 3 POCphyto Derived 
from counts  

Total 
phytoplankton- 
derived 
particulate 
organic carbon 

mg m− 3 TPOCphyto Derived 
from counts   

Table 2 
List of phytoplankton pigments and their distributions in algae groups, abbre-
viations and formulas. PSC = photosynthetic carotenoid, PPC = photoprotective 
carotenoid, PPP = photosynthetic pigment.  

Abbreviation Name Type Present in/Index of/Formula 

But-fuco 19′- 
butanoyloxyfucoxanthin 

PSC Prymnesiophytes, 
crysophytes and 
dinoflagellates Type 2* 
(lacking Peridinin) 

Hex-fuco 19′- 
hexanoyloxyfucoxanthin 

PSC Major in prymnesiophytes 
and dinoflagellates Type 2* 
(lacking Peridinin) 

Hex-kfuco 19′-hexanoyloxy-4- 
ketofucoxanthin 

PSC haptophytes Type 5–8*. 

Allo Alloxanthin PPC Cryptophytes 
ChlaHPLC HPLC-derived chlorophyll 

a 
PPP All phytoplankton except 

Prochlorococcus 
Chl b Chlorophyll b PPP Chlorophytes, 

prasinophytes, 
euglenophytes 

Chl c1 + c2 Chlorophyll c1 + c2 PPP Diatoms, prymnesiophytes, 
dinoflagellates, 
cryptophytes, chrysophytes 
and raphidophytes 

Chl c3 Chlorophyll c3 PPP Prymnesiophytes, 
chrysophytes and 
dinoflagellates Type 2* 
(lacking Peridinin) 

DD Diadinoxanthin PPC Diatoms, prymnesiophytes, 
dinoflagellates, 
chrysophytes and 
raphidophytes 

DT Diatoxanthin PPC Diatoms, prymnesiophytes, 
dinoflagellates, 
chrysophytes and 
raphidophytes 

Fuco Fucoxanthin PSC Diatoms, prymnesiophytes, 
chysophytes, pelagophytes 
and dinoflagellates Type 2* 
(lacking Peridinin) 

Neo Neoxanthin  Chlorophytes Type 1*, 
Prasinophytes Type 1, 2 and 
3*, Euglenophytes Type 1* 

Peri Peridinin PSC Dinoflagellates Type 1* 
Pras Prasinoxanthin PPC Prasinophytes Type 3* 

According to Jeffrey et al. (1997) or *Higgins et al. (2011). 
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chlorophyll a biomass (ChlaHPLC) were calculated as (DD+DT)/ChlaHPLC 
to quantify the amount of photoprotective pigments relative to biomass 
(Griffith and Vennell, 2010). The de-epoxidation state is an indicator of 
fast activation of photoprotection under high light and was calculated as 
DT/(DD+DT) (Griffith and Vennell, 2010; Lavaud et al., 2004). 

2.7. Carbon and nitrogen analyses 

Frozen GF/F filters were placed into clean glass tubes, fumed with 
HCl acid 37% in a closed box for 30 min, air dried and kept dehydrated. 
The day before the analyses, filters were packed in 5 × 9 mm tin capsules 
(Säntis Analytical, AG) and placed in a microplate. Samples were dried 
overnight at 60 ◦C and analyzed for elemental analyses on a Elementar 
Vario EL Cube (Elementar Analysensysteme GmbH, Hanau, Germany) 
using acetanilide Sigma Aldrich 00401-5G as a reference. 

2.8. Phytoplankton identification and enumeration 

Phytoplankton taxonomic identification and counts were only con-
ducted for samples from station B, where Lugol-preserved samples from 
the upper 5 m and 15 m were combined. Aliquots of 10 ml from the 
pooled water samples were sedimented in Utermöhl chambers and 
analyzed using a Nikon Eclipse 100 inverted microscope with ×
100–400 magnification. When phytoplankton numbers were generally 
low, a 25 ml aliquot was sedimented. For the most abundant species, 
random fields were counted, and the average number of cells was cor-
rected using the ratio of area counted to the area of the whole counting 
chamber. For rare species, the whole area was examined and counted. 
Phytoplankton were identified to genus or species, according to 
Throndsen et al. (2007) and Tomas (1997). Fixed net hauls were, 
sometimes, used to scan the population composition and to verify the 
presence of e.g. coccolithophorids, which may be conserved better in 
formalin-fixed samples. 

2.9. Phytoplankton biovolume and carbon biomass estimation 

Cell biovolume (based on average size class) and biomass (calculated 
from pg C cell− 1) were estimated according to Olenina et al. (2006). To 
estimate phytoplankton-derived organic carbon biomass (POCphyto, mg C 
m− 3), cellular C was multipied by their respective abundance in each 
sample. 

2.10. Statistical analyses 

Multivariate analyses were performed on biological and environ-
mental data using PRIMER-E (version 7) software (Clarke and Warwick, 
2001). Relative carbon and chlorophyll a biomasses of each algal group 
and pigment concentrations (after log-transformation to increase the 
importance of rare groups and pigments) were displayed with the 
associated hydrographic regimes using ‘Shade Plot task’ in the 
PRIMER-E software. Coherent plot curves were constructed to identify 
the major taxa that were associated with each other by exhibiting similar 
abundance patterns across sampling dates (p < 0.05) (Somerfield and 
Clarke, 2013). For that, the 9 most statistically significant taxa, 
including diatoms, dinoflagellates and haptophytes that exhibited pat-
terns of co-association, were selected using the ‘Coherent plot’ task in 
the PRIMER-E software. These plots were based on calculating similar-
ities (index of association) that exclude joint absences between a pair of 
taxa (27 in total identified up to species or genus level) (Somerfield and 
Clarke, 2013) and is represented as the relative taxa abundance (stan-
dardized to the total taxa) occurring in distinct sampling dates. 

A redundancy analysis (RDA) was performed using the CANOCO 4.5 
software (CANOCO, Microcomputer Power, Ithaca, NY). This analysis 
generates an ordination diagram that best explains the effect of envi-
ronmental variables (explanatory variables) on the distribution of the 
phytoplankton groups in Mausund Bank based on CHEMTAX approach. 

Environmental variables that significantly explained phytoplankton 
groups distribution (p < 0.05) were analyzed individually (λ1, marginal 
effects) and with other forward-selected variables (λa, conditional ef-
fects) using ‘Forward-selection’ task and Monte Carlo permutation test 
(n = 999, reduced model). More information about this analysis can be 
found in Fragoso et al. (2016). 

3. Results 

3.1. Environmental variables from the moored buoy 

Temperature and salinity measurements from the moored buoy 
varied in depth and time. Water temperature within the upper 60 m 
generally increased with time (average 8–13 ◦C) and the water column 
was thermally stratified with the surface typically having the warmest 
temperature (Fig. 2a). The upper part was only weakly stratified during 
the beginning of the season, becoming generally fresher over the course 
of season, particularly at 1 m depth (Fig. 2b). 

In the first period of the study (from May to beginning of June) the 
water column was weakly stratified with potential for being well mixed, 
herein defined as the ‘mixing period’ (MP) (average Stratification Index, 

Fig. 2. Buoy data collected for a) temperature and b) salinity at different 
depths: 1 m, 10 m, 30 m, 60 m, c) maximum daily stratification index (SIbuoy, kg 
m− 4) and wind stress (N m− 2) from 16th May to 15th September 2017. Vertical 
lines indicate periods of hydrodynamic forcing defined as mixing (MP, mid-May 
to mid-June), transition (TP, mid-June to mid-August) and stratified period (SP, 
mid-August to mid-September). Note the highest stratification value at the 
beginning of August (red arrow) and the disruption of stratification in the end 
of August/beginning of September due to strong wind stress (black arrow). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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SIbuoy = 0.02 kg m− 4) (Fig. 2c). Stratification gradually increased from 
0.02 to 0.06 kg m− 4 over the summer (mid-June to mid-August) and this 
period was defined as the ‘transition period’ (TP) (Fig. 2c). During the 
last period of study (from mid-August until late September), stratifica-
tion was more established (around 0.05 kg m− 4), except at the end of 
August/beginning of September, when it was broken by a mixing event 
(SIbuoy values decreased to 0.02 kg m− 4, Fig. 2c) caused by strong winds 
(wind stress = 0.48 N m− 2) (Fig. 2d). This period was defined as the 
‘stratified period’ (SP). 

3.2. Environmental variables from field cruises 

Similar to the data obtained from the moored buoy, potential density 
(σθ, calculated as a function of temperature and salinity from vertical 
profiles from the boat) varied with depth and time over the duration of 
the study (late April until late September), but with less variation be-
tween stations A and B (Fig. 3a and b, Fig. S1, supplementary material). 
Generally, the upper 50 m became less dense with time, where a fresh 
buoyant surface layer (σθ < 25 kg m− 3) became thicker from TP to SP 
(Fig. 3a and b). The low density of the surface layer contributed to 
relatively strong vertical stratification, which was observed by positive 
Brunt-Väisälä Frequency values (N2> 0.0001 s− 1), with the highest 
values (N2> 0.001 s− 1) observed in mid-August throughout the upper 
50 m (Fig. 3c and d). During the SP, stratification was observed to be 
stronger in deeper waters (35–80 m) because of the thickening of the 
fresh buoyant layer, however, the surface waters presented low/nega-
tive N2 values in the end August/beginning September, suggesting 
disruption of stratification in the upper 40 m (Fig. 3b and d). 

Surface (<15 m) nutrient concentrations ([NO3], [PO4] and [SiOH4]) 
varied noticeably with time, except for [NH4], which showed random 
surges (concentrations > 1 μM) throughout the period of study (Fig. 4a). 
In general, [PO4] and [NO3] was slightly higher at station A than B 
(Fig. 4b and c). Nutrients peaked in the MP ([NO3] ~ 3.0 μM, [PO4] ~ 
0.27 μM, [SiOH4] up to 3 μM), decreased gradually over time with 
lowest values at the end of the TP ([NO3] and [SiOH4] < 0.5 μM, [PO4] 
~ 0.06 μM), and increased again, particularly [SiOH4] (>0.5 μM) during 
the SP (Fig. 4b–d). 

3.3. Pigment data and phytoplankton carbon and chlorophyll a biomass 

Concentrations of pigment markers as well as phytoplankton com-
munity composition derived from carbon conversion of cell counts and 

CHEMTAX agreed well, in general, for some groups (Fig. 5). Diatom 
biomasses (in terms of C and ChlaCHEMTAX) peaked in the MP, at the end 
of TP and in some stages of the SP (Fig. 5a and b). This trend was also 
confirmed through high concentrations of Fuco (Fig. 5c). Dinoflagellates 
(in terms of C and [ChlaCHEMTAX]) were present throughout the whole 
study (Fig. 5a and b), although the species that contain Peri were more 
abundant during the MP and sometimes in the SP (Fig. 5c). Other fla-
gellates, such as cryptophytes, euglenoids and prasinophytes, have 
pigment-specific markers (Allo, Neo, Pras, respectively). These flagel-
lates, in addition to non-identified pico- or nanoflagellates, had higher C 
biomass towards the end of the study, in the SP (Fig. 5a), although ac-
curacy in counts was difficult via microscopic approaches because of 
their minute size. To complement this information, pigment approaches 
were necessary and showed an increase in biomass (ChlaCHEMTAX) of 
main flagellate groups, such as prasinophytes and haptophytes towards 
the end of the season (Fig. 5b and c). 

3.4. Phytoplankton species composition 

Coherent plots of major identified taxa showed species associations 
occurring during the three distinct physical regimes (MP, TP, SP). The 
diatom Skeletonema costatum occurred mostly during the MP (Fig. 6a), 
where a bloom dominated by this species was observed (1.28 × 106 cells 
L− 1 on 11th May, see Table S3, supplementary material). Towards the 
end of the TP, Guinardia delicatula and Proboscia alata were uniquely 
present, suggesting that these species were indicative of a highly strat-
ified water mass in the end of summer (Fig. 6a). In terms of abundance, 
however, the most numerous diatom species were Chaetoceros spp. 
(1.63 × 105 cells L− 1), G. delicatula (2.94 × 105 cells L− 1) and S. costatum 
(1.56 × 105 cells L− 1) during the end of the TP (Table S3, supplementary 
material). Diatom cell abundance was generally low during the SP 
(Table S3, supplementary material), when compared to the other two 
periods, except for Pseudo-nitzschia spp. and Cylindrotheca closterium, 
which appeared mostly during mid-September (Fig. 6a). 

The small-sized, Peri-containing dinoflagellate, Heterocapsa rotun-
data, was predominant during the MP (Fig. 6b), forming a bloom around 
11th May (2.47 × 104 cells L− 1) (Table S3, supplementary material). In 
terms of abundance, dinoflagellates were generally low during the TP 
(Table S3, supplementary material), although the genus Tripos spp. was 
persistently present during this period (Fig. 6b). There was also an 
increased abundance of unidentified cells of Gyrodinium/Gymnodinium- 
types in the SP (3.78 × 104 cells L− 1 on 7th September). This was 

Fig. 3. Vertical profiles of a, b) density (σθ, kg m− 3) 
and c, d) Brunt-Väisälä frequency (N2, s− 1) in stations 
A (left) and B (right) derived from CTD measurements 
during field campaigns from 30th April to 27th 

September 2017. Highlighted areas in c) and d) show 
values where N2 were positive (>0.0001), suggesting 
vertical stratification. Vertical lines indicate periods 
of hydrodynamic forcing defined as mixing (MP, April 
to mid-June), transition (TP, mid-June to mid- 
August) and stratified period (SP, mid-August to 
mid-September). Note the highest stratification 
throughout the column at the beginning of August 
(red arrow) and the disruption of stratification of the 
upper 40 m in the end of August/beginning of 
September (black arrow). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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coincident with high amounts of fucoxanthins, consistent with de-
scriptions of dinoflagellates type 2 of the order Gymnodiniales/Gyrodi-
niales (Higgins et al., 2011). A coccolithophore species (haptophyte), 
possibly Pleurochrysis cf., was only observed in high abundance towards 
the end of the study period, particularly during the SP (Fig. 6b). 

3.5. Description of correlations 

In general, values of Chlain-vitro and Fchla (median of the respective 

day when Chlain-vitro was collected) had a good agreement, explaining 
47% of the relationship (Fig. S2, supplementary material), in spite of the 
expected variability of Fchla signal due to photo-physiological response 
to light regimes. Likewise, POC and bbp (median of the respective day) 
presented a positive relationship (R2 = 0.44, p = 0.007, Fig. S2, sup-
plementary material), although minerals and other inorganic particles 
also contributed to the bbp pool. When total POCphyto (TPOCphyto) were 
compared to bbp values (median of the respective day), a positive rela-
tionship was observed (R2 = 0.51, p = 0.004), suggesting that phyto-
plankton contributed to a significant part of the bbp pool (Fig. S2, 
supplementary material). Estimations of TPOCphyto was used to investi-
gate the relationship of diatom to flagellate ratios with changes in the 
ratio of Fchla to bbp. A negative relationship was observed, where low 
Fchla:bbp ratios occurred in waters of high dominance of diatoms 
(>50%) (Fig. 7b). 

3.6. Optical community index 

In general, the optical parameters (Fchla, bbp and Fchla:bbp) and 
index (diatom:flagellate, derived from the TPOCphyto and Fchla:bbp 

Fig. 4. Nutrient concentrations (in μM), including a) ammonium, b) nitrate, c) 
phosphate and b) silicate from discrete water sampling at stations A and B. 
Vertical lines indicate periods of hydrodynamic forcing defined as mixing (MP, 
mid-May to mid-June), transition (TP, mid-June to mid-August) and stratified 
period (SP, mid-August to mid-September). 

Fig. 5. Shade plot showing the biomass concentrations, in terms of a) carbon 
(derived from microscopic counts) and b) chlorophyll a from pigment estima-
tions from CHEMTAX (ChlaCHEMTAX), in addition to c) pigment markers of 
phytoplankton groups from the upper 15 m at stations B only (a and c) or from 
stations A and B (b) from the end of April to end of September 2017. All data 
were log-transformed to increase the importance of non-abundant groups/ 
pigments. Vertical lines indicate periods of hydrodynamic forcing defined as 
mixing (MP, mid-May to mid-June), transition (TP, mid-June to mid-August) 
and stratified period (SP, mid-August to mid-September). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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relationship), were not linear, oscillating up and down within days and 
weeks during the period of the study (Fig. 7). For Fchla and bbp, both 
parameters followed similar trends, being relatively high from mid-May 
until mid-Jun (mixing period, MP), decreasing gradually until reaching 
the lowest value at the beginning of August (SP) and gradually 
increasing again afterwards (Fig. 7a). The ratio of these parameters 
(Fchla:bbp), however, was low in the beginning of the study (MP), 
rapidly increasing in the beginning of July (also the beginning of the SP) 
and decreasing with time, until it peaked again in the beginning of 
September and decreased once again towards the end of the study period 
(Fig. 7b, Fig. S3, supplementary material). Diatom:flagellate, evidently, 
had opposite trends than Fchla:bbp, being high during May and June 
(MP), weakening during the beginning of SP and gradually increasing 
during the end of this period, weakening again in September and slightly 
increasing afterwards (Fig. 7b). 

3.7. Environmental controls on phytoplankton size structure 

Environmental variables that most explained the variance (explan-
atory variables) of phytoplankton group distributions (biomass derived 
from CHEMTAX) were [Si(OH)4], [NO3] and photoperiod (Fig. 8, 
Table S4, supplementary material). According to the ordination diagram 
originated from the RDA, dinoflagellates correlated with high [NO3] and 
diatoms with high [Si(OH)4] (Fig. 8). This is possibly because the former 
group peaked in the beginning of the MP, when [NO3] was highest 
(Figs. 4b and 5b), whereas diatoms (also with high biomass during the 
MP), peaked with a surge of [Si(OH)4] (possibly belonging to a second 
spring bloom peak) (Figs. 4d and 5b). Conversely, flagellates, such as 
haptophytes and prasinophytes were dominant in the SP and correlated 
negatively with photoperiod (p < 0.05) and positively with temperature 
and stratification (analyzed as the integrated N2 values from the upper 
80 m), although this relationship was not significant (p > 0.05) (Fig. 8, 
Table S4, supplementary material). Concomitantly, average ratios of the 
de-epoxidized state of photoprotective carotenoids of the xanthophyll 
cycle, such as DT/(DD+DT) (supplementary variables), increased with 

Fig. 6. Coherent species plot showing the relative abundance of the most sig-
nificant taxa of a) diatoms and b) dinoflagellates and the haptophyte Pleuro-
chrysis cf. per total respective taxa from the end of April to end of September 
2017. Vertical lines indicate periods of hydrodynamic forcing defined as mixing 
(MP, mid-May to mid-June), transition (TP, mid-June to mid-August) and 
stratified period (SP, mid-August to mid-September). 

Fig. 7. Buoy data, including a) in situ chlorophyll a fluorescence (Fchla, mg 
m− 3, left axis, red line) and in situ particulate backscattering coefficient (bbp, 
m− 1, right axis, black) from buoy measurements, in addition to b) the ratio of 
these two measurements (Fchla:bbp, (mg m− 4), left axis, blue line) and diatom: 
flagellate ratio from optical index-derived calculation (right axis, colorbar). 
Vertical lines indicate periods of hydrodynamic forcing defined as mixing (MP, 
mid-May to mid-June), transition (TP, mid-June to mid-August) and stratified 
period (SP, mid-August to mid-September). Dots represent median-calculated 
data (from seven consecutive runs) and the superimposed line is a smoothing 
parameter (rloess method in Matlab). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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season (Fig. S4, supplementary material) and also correlated positively 
with haptophytes and prasinophytes of the SP (Fig. 8). Xanthophyll 
pigments per chlorophyll a (referred as (DD+DT)/ChlaHPLC)) were 
higher during summer when stratification was building up and [NH4] 
were, on average, slightly high (Fig. 4a and 8), although this relationship 
was not significant (Table S4, supplementary material). 

4. Discussion 

4.1. Using optical indexes for phytoplankton 

In this study, patterns of chlorophyll fluorescence (obtained from in 
situ Fchla) and particulate backscattering coefficient (bbp) presented, in 
general, similar trends, being relatively high in the MP, decreasing 
gradually in the TP and gradually increasing again afterwards during the 
SP. Such patterns, where an increase in Fchla corresponds to a simul-
taneous increase in bbp (and vice-versa), seem to be a common feature of 
regions with strong seasonality (e.g. North subpolar gyre and the 
Southern Ocean, Barbieux et al., 2018), including Mausund Bank. 
Despite being adjusted for NPq and biofouling, Fchla signal showed a 
greater fluctuation compared to bbp, suggesting that other processes that 
interfere with light regime, such as tidal oscillations, might be contrib-
uting to this variability (Carberry et al., 2019). Variations in tidal cur-
rent speeds, semi-diurnal (two tidal peaks per day) and spring-neap 
cycles (two tidal maxima within a month period) have accounted for 
great variability in the fluorescence signal (Blauw et al., 2012) and were 
also observed during this study. This occur because tidal advection 

changes in chlorophyll a biomass (and thus the Fchla signal), as well as 
community structure, occur to such an extent that low tide is associated 
with the upstream phytoplankton population and high tide is associated 
with downstream (oceanic) population in near-shore areas (Carberry 
et al., 2019). 

The use of optical index through either Fchla or optical backscat-
tering measurements has been suggested as a proxy of phytoplankton 
community composition in marine systems (Nencioli et al., 2010; 
Strutton et al., 2011). More recently, Cetinić et al. (2015) observed a 
positive relationship between diatom:flagellate and Fchla:bbp, and sug-
gested this relationship as a new tool for automated determination of 
phytoplankton taxonomy in clear waters of the North Atlantic. High 
Fchla:bbp was also observed in the North subpolar gyre and Southern 
Ocean, in waters where microphytoplankton is known to dominate, 
whereas the low Fchla:bbp is found in oligotrophic waters (Barbieux 
et al., 2018). However, in this study, we observed an opposite trend, 
where low Fchla:bbp was related to high diatom:flagellate. The expla-
nation for low Fchla to bbp could be that diatoms, which are larger than 
flagellates, can contribute significantly to a high bbp signal (Shang et al., 
2014). Moreover, high diatom concentrations during a spring bloom at 
Mausund Bank are also associated with abundant zooplankton, fecal 
pellets and marine snow (Fragoso et al., 2019a). Non-algal particles, 
including fecal pellets and debris have shown to contribute largely to the 
bbp signal, particularly in regions of high chlorophyll a biomass (Bella-
cicco et al., 2018) and could explain the large fraction of the bbp signal in 
Mausund Bank. In this study, the relationship between TPOCphyto and bbp 
explained only 51% of the variability, suggesting that other non-algal 
sources of particles could contribute to the bbp pool. Thus, in spite of 
the negative relationship observed between Fchla:bbp and diatom:flag-
ellate, this interpretation can be biased, given that non-algal particles 
(copepods and fecal pellets) that contribute to the bbp pool are associ-
ated with diatom blooms, making this hypothesis refutable in productive 
coastal regions where secondary production is tightly coupled with 
phytoplankton blooms, such as Mausund on the coast of Norway. 

Regardless, the variability of Fchla:bbp in the Mausund Bank was 
highly seasonal and likely reflected the changes that distinct hydro-
graphic regimes cause in phytoplankton community composition and 
physiology, zooplankton abundances, and marine snow or other mineral 
particle concentrations. For that reason, we suggest that the use of this 
optical proxy for detecting phytoplankton functional groups in coastal, 
highly productive areas, such as Mausund Bank, is not suitable to be 
used alone, even though a negative relationship was found. Under this 
circumstance, using other sensors such as in situ flow cytometer (Sosik 
and Olson, 2007) and silhouette camera (Fragoso et al., 2019a) that are 
able to categorize particle types could be used to refine the proxy in 
these highly productive coastal regions. 

4.2. Environmental/physical forcing over phytoplankton community 
succession 

Changes in biomass (both in terms of ChlaCHEMTAX and POCphyto), in 
addition to the succession of phytoplankton (species and groups) were 
observed during the period of study (end of April until end of September 
2017) at Mausund Bank. This was caused by changes in the physical 
settings (along with nutrients and light levels) as the seasons progressed, 
such as a more mixed environment in spring, an onset of stratification in 
summer and sporadic strong winds causing disruption of a thick, strat-
ified layer during fall. Nutrient availability during pre-bloom conditions, 
in combination with increased irradiance in March have shown to pro-
mote the spring bloom in the mid-coast of Norway, including Trond-
heimsfjord (Sakshaug and Myklestad, 1973) and Frøya (another island 
near Mausund) (Magnesen and Christophersen, 2008). Similar to ob-
servations in Trondheimsfjord, a second peak of the spring bloom was 
observed in mid-May in Mausund Bank and was associated with a 
transient increase in silicate concentration (Sakshaug and Myklestad, 
1973). Internal waves occurring at Mausund Bank flank, which causes a 

Fig. 8. Ordination diagram generated from redundancy analysis (RDA) with 
triplot representing data from field work. Biological variables are phyto-
plankton chlorophyll a biomass per group (derived from CHEMTAX approach): 
diatoms, dinoflagellates, chlorophytes, cryptophytes, haptophytes and prasi-
nophytes (thin, blue arrows), environmental data: nitrate (NO3), phosphate 
(PO4), silicate (Si(OH)4, μM), salinity, temperature (◦C), integrated Brunt- 
Väisälä frequency values from the upper 80 m (N2, s− 1) and photoperiod 
(hours) (red arrows) and supplementary variables (light grey arrows): DD =
diadinoxanthin, DT = diatoxanthin, Chla_HPLC = HPLC-derived chlorophyll a, 
Chla_invitro = in-vitro fluorometric-derived chlorophyll a. Closed circles refer to 
stations sampled in distinct periods (mixing - green) transition - blue and 
stratified – red, see Fig. 2 for respective dates of each period). (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

G.M. Fragoso et al.                                                                                                                                                                                                                             



Continental Shelf Research 213 (2021) 104322

10

‘lift’ of nutrient-rich waters of Atlantic origin, combined with intense 
tidal mixing over the bank, have been suggested as an additional source 
of nutrients at the bank (Fragoso et al., 2019a) and could stimulate a 
second peak bloom observed in Mausund. These events might also ac-
count for the prolongation of the spring bloom in Mausund area (until 
beginning of June), as opposed to other islands in the mid-coast of 
Norway, where the spring bloom typically dies off weeks before 
(Throndsen et al., 2007). 

Enhanced stratification observed during summer in this study is due 
to the increased volume of the fresh (less saline) and buoyant Norwegian 
Coastal Current that moves northwards along the Norwegian coast, 
carrying freshwater from the Baltic Sea and Norwegian rivers (Chris-
tensen et al., 2018). This water mass, therefore, carries a history of high 
nutrient utilization before it reaches the mid-coast of Norway in sum-
mer, with low concentrations (<4 μM for nitrate and <2 μM for silicate) 
(Rey et al., 2007). The coastal water gets fresher and warmer and the 
layer gets thicker during summer and fall and the resulting enhanced 
stratification of upper waters suppresses fluxes of nutrients to the sur-
face. The phytoplankton need, thus, to rely on remineralized nutrients 
(Rey et al., 2007). This might have selected for small-sized phyto-
plankton (pico- and nanoflagellates) in surface waters for most of the 
summer, given that low nutrient concentrations favor smaller phyto-
plankton due to their greater efficiency in nutrient acquisition (larger 
surface to volume ratios and smaller diffusion boundary layer) (Litch-
man and Klausmeier, 2008). 

Ability to cope with high and/or continuous light conditions result-
ing from enhanced water column stratification and longer day-light 
periods (high SIbuoy*EPAR values in this study), might have favored the 
phytoplankton during summer and early fall as well. Small-sized 
phytoplankton show fast metabolic repair of photosystem II after pho-
toinactivation compared to larger cells (Key et al., 2010; Kropuenske 
et al., 2009). Moreover, they can rely on photoprotective carotenoids 
such as diatoxanthin (DT), diadinoxanthin (DD), violaxanthin and 
zeaxanthin under highlight conditions (Polimene et al., 2014). In fact, 
the concentration of the photoprotective DT and DD per chlorophyll a 
biomass (ChlaHPLC), increased in summer, whereas the de-epoxidized 
form, DT, was higher in early fall, suggesting that the cells were 
potentially being exposed to continuous, high irradiances (Griffith and 
Vennell, 2010). 

Towards the end of the study season (SP), the stratification of the 
thick surface layer was broken down in the end of August/beginning of 
September and at the same time phytoplankton concentrations were 
observed to increase again. Fall blooms are less reported, particularly in 
the coast of Norway, although they have been observed in northern 
fjords (Eilertsen and Frantzen, 2007) and the southern coast of Norway 
(Dahl and Johannessen, 1998). These blooms seem to be triggered by 
strong winds, which break down the stratification, allowing an increased 
vertical flux of nutrient from deeper waters, while irradiance is still 
sufficient for growth (Eilertsen and Frantzen, 2007). It is possible that a 
similar event happened at Mausund Bank, where strong winds caused 
disruption of stratification in the fall that might have re-introduced 
nutrients (particularly silicate, in this study) and contributed to an in-
crease in phytoplankton biomass, though not with the same intensity as 
observed in spring. 

Based on pigment and taxonomic approaches, phytoplankton groups 
from Mausund Bank varied according to season, where, in general, di-
atoms peaked in May (MP), were high in biomass towards the end of the 
TP (end of July) and reappeared sporadically in mid-September. Intense 
tidal mixing in the shallow bank and spore inoculum from the seafloor, 
in addition to the high silicate concentrations in May (compared to the 
rest of the season) explained the presence of spore-forming and over-
wintering diatoms (Thalassiosira, Chaetoceros and Skeletonema, Table S3, 
supplementary material) during this period (Gettings et al., 2014). 
Rhizosolenid diatom species (Proboscia alata and Guinardia delicatula) 
were found during contrasting conditions when stratification was at a 
maximum (end of July/beginning of August). These diatoms are 

typically known to accumulate in summer stratified conditions (Kemp 
et al., 2006) and have been observed in thin layers (<5 m) of subsurface 
chlorophyll a maxima during summer in temperate coastal waters 
(Barnett et al., 2019). Therefore, it is possible that these species have 
resurfaced from deeper waters, crossing the pycnocline barrier (migra-
tion rates up to 6.4 mh− 1, Villareal et al., 1993), given their ability to 
regulate their buoyancy in the water column, allowing them to exploit 
nutrient supply in deeper waters as well as light at the surface (Woods 
and Villareal, 2008). The diatoms species that sporadically occurred in 
September were Pseudo-nitzschia, Cylindrotheca closterium and Guinardia 
flaccida. Strong wind events observed in the end of August likely 
contributed to the increase in nutrient concentrations, particularly sili-
cate, and the reappearance of these species in these waters, whereas 
nitrate and phosphate were rapidly assimilated by other phytoplankton 
groups. Pseudo-nitzschia and Cylindrotheca closterium, which are 
considered ‘R strategists’ (disturbance-tolerant species), have high 
aspect ratios (pennates), and this morphology could improve the cell’s 
ability for nutrient uptake and light harvesting, by increasing the spin of 
cells in a turbulently mixed environment (Alves-de-Souza et al., 2008). 

Dinoflagellates, particularly peridinin-containing ones (Heterocapsa 
rotundata) were abundant during the MP (late April until early June) and 
during the SP, after strong winds in late August, along with diatoms. 
Meanwhile, fucoxanthin-dominated dinoflagellates were observed in 
the TP (summer), when consistently increasing stratification was 
observed. Dinoflagellates, in general, are known to dominate nutrient- 
poor and thermally stratified waters, given their mixotrophic nature 
and ability to move to and from the nutricline, which allow them to prey 
on other organisms and exploit deeper layers of the water column 
(Aldridge et al., 2014). The dominance of dinoflagellates, including 
some harmful algae bloom (HAB) species, is consistently observed in 
thermally stratified waters in the southern coastal areas of Norway and 
in the North Sea during summer (Bratbak et al., 2011; Johnsen and 
Sakshaug, 2000). In the mid-coast of Norway, dinoflagellates, particu-
larly Tripos spp., also found in this study, have been present in subsur-
face chlorophyll a maxima in July, being an indicative of stratified 
summer waters (Fossum et al., 2019). 

Haptophytes, prasinophytes, euglenoids and other unidentified fla-
gellates were present throughout the whole study, albeit with low 
biomass (compared to diatoms). In this study, coccolith-bearing hapto-
phytes, possibly Pleurochrysis sp., was an indicator species of the SP. 
Pleurochrysis is a typical coastal coccolithophore (Houdan et al., 2004) 
and blooms, including Emiliania huxleyi, are regularly observed along 
the coast of Norway during summer/early fall (Bratbak et al., 2011). 
E. huxleyi is associated with Atlantic water (Hegseth and Sundfjord, 
2008) and is sometimes introduced into fjords (Riebesell et al., 2017), 
including Trondheimsfjord (Volent et al., 2011). 

In this study, we investigated phytoplankton community dynamics 
using time-series of in situ optical and hydrographical measurements 
from a moored buoy, in addition to discrete observations of phyto-
plankton functional groups and indicator species from pigment data, 
chemotaxonomy and microscopy for validation. Hydrographic regimes 
shaped phytoplankton succession in the region, where 1) intense vertical 
mixing and high nutrient concentrations in spring favored a bloom 
dominated by the diatom Skeletonema costatum, 2) a gradual increase in 
stratification allowed the prevalence of flagellates, followed by a bloom 
of rhizosolenid diatom species (Proboscia alata and Guinardia delicatula) 
in summer and 3) episodic strong wind events in fall disrupt the strati-
fication of a thick fresh buoyant layer that, consequently, reintroduced 
nutrients for a bloom of diatoms, coccolithophores and dinoflagellates. 
As opposed to what is observed in clear, open ocean waters, low Fchla: 
bbp was related to high diatom:flagellate. This occurred possibly because 
spring diatom blooms are associated with light scattering objects related 
to zooplankton abundance, fecal pellets and marine snow in Mausund, 
making productive regions in the coast of Norway not suitable for the 
application of this proxy. 

G.M. Fragoso et al.                                                                                                                                                                                                                             



Continental Shelf Research 213 (2021) 104322

11

Authors contributions 

G.M.F. and I. E. designed the study and developed the hypothesis. G. 
M.F. analyzed the buoy and pigment data, performed the statistical 
analyses and wrote the initial draft of the manuscript. M.S.C. identified, 
counted the phytoplankton species in the microscope and provided 
feedback on phytoplankton ecology. I.E. and F.C. analyzed part of the 
hydrographic data and provided feedback regarding the physical 
oceanographic aspect of the paper. I.E. and G.J. supervised the study. All 
authors contributed substantially to posterior drafting of the manu-
script, provided critical comments and approved the final submitted 
version. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We would like to thank Odd Arne Arnesen and Hilde Ervik from the 
Mausund field Station (http://www.eider.no/) for water sample 
collection and logistic help during field work. All authors were funded 
by the Norwegian Research Council (NRC, Project ENTiCE, 255303). 
Contributions by G.J. are from the Center of Excellence for Autonomous 
Marine Operation and Systems (AMOS) at NTNU (NRC, Project 223254). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.csr.2020.104322. 

References 

Aldridge, D., Purdie, D.A., Zubkov, M.V., 2014. Growth and survival of Neoceratium 
hexacanthum and Neoceratium candelabrum under simulated nutrient-depleted 
conditions. J. Plankton Res. 36, 439–449. https://doi.org/10.1093/plankt/fbt098. 

Alves-de-Souza, C., Gonzalez, M.T., Iriarte, J.L., 2008. Functional groups in marine 
phytoplankton assemblages dominated by diatoms in fjords of southern Chile. 
J. Plankton Res. 30, 1233–1243. https://doi.org/10.1093/plankt/fbn079. 

Barbieux, M., Uitz, J., Bricaud, A., Organelli, E., Poteau, A., Schmechtig, C., Gentili, B., 
Obolensky, G., Leymarie, E., Penkerc’h, C., D’Ortenzio, F., Claustre, H., 2018. 
Assessing the variability in the relationship between the particulate backscattering 
coefficient and the chlorophyll a concentration from a global biogeochemical-argo 
database. J. Geophys. Res. Ocean. 123, 1229–1250. https://doi.org/10.1002/ 
2017JC013030. 

Barnett, M.L., Kemp, A.E.S., Hickman, A.E., Purdie, D.A., 2019. Shelf sea subsurface 
chlorophyll maximum thin layers have a distinct phytoplankton community 
structure. Continent. Shelf Res. 174, 140–157. https://doi.org/10.1016/j. 
csr.2018.12.007. 
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