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Abstract: 
 
The Firth of Lorn is at the mouth of one of Scotland’s largest fjordic sea lochs, Loch Linnhe. 

This sea loch, which is fed by a number of other inner lochs, supplies a significant flow of 

freshwater, which frequently causes the stratification of the water column. To investigate 

how environmental conditions influence the spatial distribution of phytoplankton in this 

region water samples were collected for phytoplankton (pigments and microscopy), and 

other environmental variables including nutrients. Chemotaxonomy was used to estimate 

the contribution of different taxonomic groups to total chlorophyll a (phytoplankton 

biomass index). Good agreement was obtained between chemotaxonomy and microscopy 

data. The highest levels of chlorophyll a (~2.6 mg.m-3) were found in the vicinity of Oban 

Bay, where cryptophytes, the most abundant group, dinoflagellates and other flagellates 

thrived in the stratified water column. Centric diatoms, mainly Chaetoceros sp. and 

Skeletonema costatum, were associated with NH4 and SiO2 concentrations and stratification, 

while pennate diatoms, mainly Cylindrotheca sp. and Nitzchia sp., were found to be 

associated with NO3+NO2 and high surface mixed layer depths. Four diatom groups were 

identified in accordance to their surface to volume ratios, as well as their affinity to 

environmental parameters (nutrients)  and turbulence. This study used a combination of 

physico-chemical data, classical microscopy methods (appropriate for large cells > 20µm) 
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and HPLC-CHEMTAX approaches (for large and small cells) to evaluate the distribution of 

phytoplankton functional groups in a fjordic coastal area. 

 

Keywords: Phytoplankton assemblage; Environmental drivers; HPLC-CHEMTAX; microscopy; 
Functional groups; Fjords. 
 
 
1. Introduction 

 

 

The Scottish west coast is characterised by the typical morphological, physical and 

hydrodynamic properties observed in other fjordic systems around the world. Sea lochs are 

narrow arms of sea with long, deep, steep-sided glacially carved basins that project into 

coastal land masses. They possess fjordic characteristics of a shallow sill that limites the 

horizontal exchange of water with the open ocean. Due to their large catchment areas, 

freshwater input to the coastal environment from fjords is commonly significant.   

Fjords are typically characterised by a low salinity surface layer and dense deep water that  

may become isolated due to the presence of shallow sills. Deep water can be stagnant, 

mixing with surface water throught diffusive vertical mixing during episodic renewal events 

(Austin and Inall, 2002). When wind conditions are favourable and freshwater input into the 

loch is low, flooding tidal saline water flows over the sill(s) and sinks to the bottom due to its 

higher density (Gade and Edwards, 1980; Geyer and Cannon, 1982). The pre-existing 

freshwater is lifted up and flushed away. If renewal events are not frequent, deep water will 

accumulate for several months or sometimes years and will have oxygen depletion and 

enhanced nutrient levels (e.g. Gade and Edwards, 1980; Edwards and Grantham, 1986).  

The existence of aquaculture farms may emphasize bottom oxygen reduction and nutrient 

increase, if flushing is not recurrent. Nutrients in surface waters vary seasonally, peaking in 

the winter months, and decreasing post spring bloom (Lonborg et al. 2009, Fehling et al. 

2006) following seasonal salinity stratification. While eutrophocation symptoms have been 

occasionally reported in the past in some lochs (e.g. Edwards and Grantham 1986) and 

enhanced growth of macroalgae adjacent to aquaculture units can occur (Sanderson et al. 

2012), there area is minimally anthropogenically impacted in terms of nutrient enrichment 

(Davidson et al. 2014). 
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Atlantic fjordic systems, such as the Scottish lochs are frequently subject to unstable 

weather conditions, given that wind strength and direction, precipitation and tides may vary 

substantially during short periods (Gaard et al., 2011). Such conditions may modify nutrient 

concentrations and have direct consequences in terms of phytoplankton biomass, leading to 

an increase or decrease in primary production due to rapid changes in oceanographic 

conditions (e.g. mixed layer depth, stratification). Changes in the stratification, light and 

turbulence conditions of the region may also have implications for community structure, 

favouring some phytoplankton groups over others (e.g. Margalef, 1978; Jones and Gowen, 

1990), although these relationships are still poorly understood. Furthermore, tidal velocity 

and both wind intensity and direction may affect the structure and dynamics of the water 

column, which can determine the spatial pattern of phytoplankton distribution (Jones and 

Gowen, 1990). 

Margalef’s Mandala indicates that diatoms dominate in periods of high turbulance and 

nutrient concentrations (r-strategy) and dinoflagellates favouring more stratified and 

oligotrophic conditions (K-strategy; Margalef, 1978). This theory improved our 

understanding of phytoplankton dynamics. However, as discussed by Smayda and Reynolds 

(2001), the degree of vertical, micro-habitat structural differentiation that the turbulance 

axis allows, is also thought to be significant. There are several implications of this model 

compared to what has been previously proposed by Margalef (for details see Reynolds, 

1988; 1996; 1997). 

One of the innovations of Reynolds’ approach is the identification of three primary 

adaptative stratigies (C-S-R) rather than two (r-K). One of those stratigies is characterised by 

small, r-selected, fast-growing, invasive, with high surface to volume ratio (S/V) colonist (C) 

species. These species are expected to dominate in stratified waters with high nutrient and 

light levels and would be susceptible to grazing (Alves-de-Souza et al., 2008). S species 

would be composed of large, with low S/V, slow-growing, K-selected, nutrient-stress 

tolerant organisms (Smayda and Reynolds, 2003). These species would dominate in high 

light, oligotrophic conditions and obtain their nutrients by mixotrophy or vertical migration 

(Alves-de-Souza et al., 2008). The R species would be the elongated but with high S/V ratio, 

light-harvesting, attuning, disturbance-tolerante ruderal species (Smayda and Reynolds, 

2003). These species can harvest light under mixing conditions, with high nutrient 

concentrations (Alves-de-Souza et al., 2008). 
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Alvez-de-Sousa et al. (2008) presented one of the first applications of Reynolds’ model to 

marine planktonic diatoms. They identified three diatom groups: D1, with S/V  >  1.5 

µm−1 and composed of taxa such as Pseudo-nitzschia, Cylindrotheca and Leptocylindrus that 

were mainly correlated with nitrate; D2, with S/V ~1 µm−1 and composed of several species 

of the genus Chaetoceros, also correlated with nitrate; and D3 with S/V between 0.5 and 0.8 

µm−1 and composed of Skeletonema, Talassionema and Rhizosolenia setigera that were 

correlated with stratified conditions and high silicate concentrations. 

In this study, we analysed phytoplankton data collected from the Firth of Lorn, in Western 

Scotland in order to: 1) evaluate the spatial distribution of the late summer phytoplankton 

community after a strong-wind event; 2) validate the chemotaxonomical approach to 

evaluate small phytoflagellates in this study region; 3) investigate the response of the 

phytoplankton community to physico-chemical parameters; and 4) provide insights 

regarding functional types in marine phytoplankton assemblages. Knowledge of how 

environmental conditions influence the spatial distribution of phytoplankton functional 

groups in sea-lochs is scarce. The phytoplankton community of the Firth of Lorn or adjacent  

sea lochs has been studied previously (Fehling et al. 2006 and refernences therein), 

however, these analyses typically concetrate on larger cells. Here, we combine the use of 

classical microscopy methods (appropriate for large cells) with novel HPLC-CHEMTAX 

approaches (for large and small cells) to evaluate the whole phytoplankton community. 

Environmental data were used to evaluate distribution of functional groups and to set the 

basis for future studies on phytoplankton temporal and spatial variability. 

 
 
2. Methodology 

 

2.1 Study Site 

 
The Firth of Lorn, in western Scotland, is at the mouth of one of Scotland’s largest fjordic sea 

lochs, Loch Linnhe (Figure 1). Loch Linnhe, which is fed by a number of other inner lochs, 

supplies a significant flow of freshwater to the coastal zone, which generally causes the 

stratification of the water column. The Firth of Lorn has a large variation in bathymetry and 

currents. Generally, net movement of seawater is northerly (Adams et al., 2014) and low 

salinity waters tend to run on the top of the water column due to their lower density. Tidal 

flows through the Sound of Luing and the Gulf of Corryvreckan, as well as its extension 
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westwards named Great Race, are important currents that are well documented (e.g. Dale 

et al., 2011). These flows may have a turbulent nature and contribute to the high dispersion 

of particles.  

 
Figure 1 – Location of sampling station in the Firth of Lorn, Scotland’s West coast. The 

location of the Great Race is also presented. 
 

2.2 Field campaign and environmental data 

 

In-situ sampling was performed between the 10th and the 12th of September 2012, after a 

1-week event of strong winds, onboard the Research Vessel ‘Seol Mara’. Samples were 

collected at 27 stations, mostly during flood and high tide, throughout the study site in the 

Firth of Lorn (Figure 1). In each transect, stations were ~ 2 km apart from each other, with 

some exceptions due to the geomorphology of the system. The vertical profile of the water 

column was analysed for salinity and temperature using a Seabird CTD (conductivity–

temperature–depth) profiler. Photosynthetic Active Radiation (PAR) was also measured. The 

instrument was also equipped with an in vivo chlorophyll fluorescence sensor, which was 

used to guide the sampling procedure at each station, and an additional oxygen sensor. The 

fluorescence probe was later calibrated with HPLC data, determined in the laboratory. 

Surface measurements taken with the fluorescence sensor were discarded for calibration 

purposes. Surface water samples (0-5m in depth) were collected at all stations, using a 

Niskin bottle, for nutrients, phytoplankton pigments and microscopy. At selected stations 

samples from the Deep Chlorophyll Maximum (DCM) were also collected.  
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2.3 Physical parameters 
 
Seawater potential density (kg.m-3) was determined from temperature, salinity and pressure 

data collected by the CTD profiler in order to evaluate the water column physical structure 

(Brainerd and Gregg, 1995). The surface mixed layer (SML) depth was defined as the depth 

where density variations exceeded 0.05 kg.m-3 over a 1 m interval according to: 

Δσθ = σθ(z) – σθ(z0); 

where Z0 is the surface depth (~2 m) and σθ(z)=ρθ(z)-1000 Kg.m-3 is the density anomaly for 

calculated potential density (ρθ). Water column stability (E) was estimated using vertical 

density variations, as a function of the buoyancy or the Brunt-Väisälä frequency (N2), which 

is determined by 

�� = −
���

���
(
�����) 

where g is gravity. Stability was then calculated following: 

� =
��

�
(10��	
������) 

All variables were calculated according to the international thermodynamic equation of 

seawater (TEOS-10; IOC et al., 2010) using the toolbox functions GSW v3.04 for MATLAB. 

 

2.4 Nutrients 

 
One sample of 0.1 L seawater was collected at each sampling station.  Samples were placed 

in a cool box, transported to the laboratory as soon as possible, and immediately frozen at -

20 °C. Nutrient analyses were performed on each sample in triplicate, using a Lachat 8500 

Flow Injection Analysis (FIA) autoanalyser (Hach Lange) following the manufacture’s 

methods (ammonium, Liao, 2008; phosphate,  Egan, 2008; silicate, Diamond, 2003; 

nitrate+nitrite, Diamond, 2008) which are based on established wet chemical reaction 

followed by spectrophotometric detection (Grasshoff 1976). Calibration standards were 

adjusted to suit the concentration range of the samples and matrix matched with the 

samples using low nutrient seawater (35 psu) (supplied by OSIL UK). Analytical precision 

based on triplicate analyses for all nutrients is better than 95%, accuracy determined by 
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running an independent standard (OSIL UK) is better than 95% and limits of analytical 

detection better than 0.05 µM. 

 

2.5 Phytoplankton data 

 
2.5.1 HPLC pigment analysis 
 
Water samples (1 L) were filtered in dim light onto Whatman GF/F filters (nominal pore size 

of 0.7 µm and 25 mm diameter) using vacuum pressure <5 in. Hg and immediately frozen for 

later HPLC pigment analysis. Samples were analysed in the ‘Laboratory of Phytoplankton 

and Marine Microorganisms’ at Federal University of Rio Grande, Brazil. The filters were 

placed in a screw-cap centrifuge tube with 3 mL of 95% cold-buffered methanol (2% 

ammonium acetate) containing 0.05 mg L-1 trans-β-apo-8'-carotenal (Fluka) as internal 

standard. The samples were sonicated for 5 min in an ice-water bath, placed at -20°C for 1h, 

and then centrifuged at 1100 g for 5 min at 3 °C. The supernatants were filtered through 

Fluoropore PTFE membrane filters (0.2 μm pore size), to rid the extract from remains of 

filter and cell debris.  Immediately prior to injection, 1000 µL of sample was mixed with 400 

µL of Milli-Q water in 2.0 ml amber glass sample vials, and vials were placed in the HPLC 

cooling rack (4 °C). Methods for HPLC analyses (using a monomeric C8 column with a 

pyridine-containing mobile phase) are fully described in Zapata et al. (2000). The detection 

limit and quantification procedure of this method followed Mendes et al. (2007). Pigments 

were identified from both absorbance spectra and signal retention times in the photodiode 

array detector (SPD-M20A) or fluorescence detector (RF-10AXL; Ex. 430 nm/Em. 670 nm). 

Peaks were integrated using LC-Solution software, but all peak integrations were checked 

manually and corrected where necessary. The HPLC system was previously calibrated with 

pigment standards from DHI (Institute for Water and Environment, Denmark). For 

correction losses and volume changes, the concentrations of the pigments were normalized 

to the internal standard. Table 1 lists all pigments considered in this study and which were 

detected above the limit of quantification, along with the respective abbreviations.  

 

2.5.2 CHEMTAX 
 
The relative abundance of microalgal groups contributing to total chlorophyll a biomass was 

calculated from pigment concentration data using version 1.95 of CHEMTAX chemical 
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taxonomy software (Mackey et al., 1996; Wright et al., 1996, 2009). CHEMTAX uses a factor 

analysis and steepest-descent algorithm to find the best fit of the data on to an initial 

pigment ratio matrix. Calculations methods and procedures are fully described in Mackey et 

al. (1996).  

Based on the identified diagnostic pigments and confirmation of the higher taxonomic 

groups by microscopic analysis, seven algal groups were loaded on CHEMTAX: diatoms-1 

(with chlorophyll c1), dinoflagellates-1 (peridinin-containing dinoflagellates), cryptophytes, 

prasinophytes (with prasinoxanthin), haptophytes-6 (e.g. Emiliania huxleyi), haptophytes-7 

(e.g. Chrysochromulina spp.) and haptophytes-8 (e.g. Phaeocystis spp.). The loaded 

pigments were Chl c3, Chl c1, Perid, But-fuco, Fuco, Neo, Hex-kfuco, Viola, Prasino, Hex-fuco, 

Dino, Zea, Lut, Chl b, Allo, Chl c2-MGDG [18:14], Chl c2-MGDG [14:14] and Chl a (see Table 

2). The initial pigment ratios of prasinophytes-3, cryptophytes, haptophytes-7 and 

haptophytes-8 were obtained from literature (Higgins et al., 2011). For diatoms-1, 

dinoflagellates-1 and haptophytes-6 the pigment ratios were calculated using the mean 

values obtained from single cultures obtained by the authors from the Culture Collection of 

Algae and Protozoa (CCAP) (http://www.sams.ac.uk/ccap). The following species were 

considered: 1) the diatoms (type 1) Amphora coffeaeformis, Bellerochea malleus, Ditylum 

brightwellii, Extubocellulus cribiger, Odontella aurita, Phaeodactylum tricornutum, 

Skeletonema costatum and Thalassiosira pseudonana; 2) the dinoflagellates (type 1) 

Alexandrium minutum, Alexandrium tamarense, Amphidinium carterae, Lingulodinium 

polyedrum, Prorocentrum micans, Prorocentrum minimum, Pyrocystis lunula and Scrippsiella 

trochoidea; and 3) the haptophyte (type 6) Emiliania huxleyi.  

Chlorophytes were not included in the CHEMTAX analysis as significant positive correlations 

(R2 > 0.8; p<0.01) were found between prasinoxanthin (exclusive of prasinophytes) and 

concentrations of chlorophyll b, lutein, zeaxanthin and violaxanthin (pigments present in 

chlorophytes and prasinophytes), hence the observed chlorophyll b concentrations were 

attributed to prasinophytes. The inclusion of three types of haptophytes in the input matrix 

was based on the detected pigments and on the high complexity of haptophytes, which 

have eight subgroups with different pigment profiles (Zapata et al., 2004).  

The CHEMTAX analysis followed the procedure adopted by Wright et al. (2009). A series of 

60 pigment ratios matrices were generated by multiplying each ratio from the initial matrix 

by a random function to optimize the matrix. The average of the best six output matrices 
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(with the lowest residual or root mean square error) were taken as the optimized results. 

The initial and final ratios are given in Table 2. In order to account for pigment ratios’ 

variation with irradiance and/or nutrient availability, the data for each station were broken 

down into 2 bins (surface and DCM). The output data are presented as absolute 

concentrations (mg.m-3) of chlorophyll a attributed to each phytoplankton group. 

 
2.5.3 Microscopy 

  

Samples were collected in 125 ml bottles at the same stations and depths as described for 

HPLC analysis and preserved using neutral lugol solution. For analysis, samples were 

carefully agitated in order to obtain a reasonable homogenization of the solution. 

Sedimentation was carried out using 100 ml chambers for 48 hours. Quantification was 

conducted in an inverted microscope according to Lund et al. (1958) and Utermöhl (1958). 

Species identification followed Chrétiennot-dinet (1990), Hoppenrath (2009), Ricard (1987), 

Sournia (1986) and Tomas (1997). 

 

2.6 Statistical analyses 

  
In order to explore the relationships between the phytoplankton data and environmental 

conditions, a Canonical Correspondence Analysis (CCA) was performed in the CANOCO 4.5 

software, similar to Fehling et al. (2012). The statistical significance was evaluated through a 

Monte Carlo permutation test. This analysis is effective in revealing the relationships 

between the spatial and temporal structure of communities and the environmental factors 

that might be responsible. Regression analyses were also used to evaluate the agreement 

between phytoplankton cell abundances and CHEMTAX results. 

 
3. Results 

 

 
3.1 Oceanographic conditions 

 

Generally, at the time of sampling, the water column was mixed, with salinities higher than 

32 psu, except in the most inner stations, i.e. the ones with the strongest freshwater 

influence. In the most inner stations there was a slight stratification and surface salinities 

were down to 24 psu due to the influence of the freshwater flow. In general terms, salinities 
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were always higher in the bottom layers of the water column. Higher temperatures were 

also found in the bottom layers of the water column, except in the station that directly 

receives water from the Loch Linnhe that had elevated temperatures in the top layers. A 

peak in chlorophyll a was recorded in the surface waters (0 to 10m) of the most inner 

stations. An oxygen peak was observed at the stations with the highest chlorophyll a 

concentrations. An oxygen minimum located at the subsurface waters (between 1 and 3 m) 

of the most inner station was observed. The PAR decay through the water column is 

stronger in the most inner stations. Interestingly, the PAR decay also seems to be slightly 

stronger in the most offshore stations, i.e. in the ones closest to the open sea (Figure 2). 

 

 
 

Figure 2 – Vertical profiles of salinity, temperature (°C), chlorophyll a (mg.m-3), oxygen 
(mg.L-1) and log(PAR) measurements taken by CTD (and additional sensors) in the Firth of 

Lorn. Results are presented with contours to enhance clarity. Note that chlorophyll a 
concentrations obtained by profiling fluorometer were calibrated with in-situ HPLC 

measurements. 
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Figure 3 – Spatial distribution of surface salinity, temperture (ºC), oxygen (mg.L-1), NH4 (µM), 
NO3+NO2 (µM), DIN (µM), PO4 (µM), N/P ratio, SiO2 (µM), Surface Mixed Layer depth (SML; 
m) and Stability (rad�. m��) in the Firth of Lorn. Note scales are different. Sampling stations 

are represented as blue dots in the bottom left plot. 
 

Generally, temperatures at the surface were found to be lower in the east side of Firth of 

Lorn. The lowest temperatures (~13.0 °C) were observed in front of the Oban bay (Figure 1) 

and from the island of Kerrera towards the open ocean (Figure 3). The lowest oxygen 

concentrations (~6.4 mg.L-1) were found in the areas with higher temperatures, except in 

the most inner station, where temperatures (~14 °C) and oxygen concentrations (~8.6 mg.L-

1) were the highest. The highest dissolved inorganic nitrogen concentrations were observed 
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in the most inner stations (~3.0 µM) and in the most offshore stations (~3.6 µM) of the 

Firth. Ammonium concentrations (~0.5 µM) were observed to be the highest in the inner 

station and nitrate+nitrite was the main nitrogen compound (~3.1 µM) in the offshore 

stations. Phosphate concentrations increased towards the open sea, especially in the west 

side of the Firth of Lorn (~0.45 µM). The stations with the highest N/P ratio (~8) were the 

ones where nitrogen concentrations were largest, i.e. the most inner than the most offshore 

ones. The highest concentrations of silicate (SiO2) were observed in the most inner station 

(~5.5 μM) with concentrations decreasing towards the most offshore stations. The 

minimum silicate concentration observed in this study was ~3.0 μM. The depth of the SML 

was low in the most inner stations (2-5 m). The depth of SML varied between 2 and 19 m in 

the central area of the study region, with the highest values observed at the most offshore 

station (~60 m) at the southwest side, where the highest concentrations of nitrate and 

nitrite were also observed. The highest stability values were found in the most inner 

stations. 

 

3.2 Phytoplankton assemblages 

 

3.2.1 HPLC pigments and CHEMTAX 
 

 

The highest concentrations of chlorophyll a (~2.6 mg.m-3) were found in the vicinity of Oban 

Bay and associated with a community dominated by flagellates such as dinoflagellates, 

haptophytes (hapto-6 and hapto-7), prasinophytes and cryptophytes (Figure 4). Pigment 

analysis indicated that the cryptophytes were the group that contributed the most to this 

peak of chlorophyll a (~1 mg.m-3) and generally the dominant group throughout the study 

area. The highest concentrations of chlorophyll a associated with diatoms were found in the 

most inner station of this study (~0.28 mg.m-3). The group hapto-8 yielded a peak in 

chlorophyll a in the middle of the Firth of Lorn. Generally, all these groups, except diatoms, 

were also found to be in high concentrations in the most inner stations and south of the 

island of Kerrera towards the open sea. 
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Figure 4 – Spatial distribution of chlorophyll a (mg.m-3) and the chlorophyll a concentrations 
associated with the following groups: diatoms-1, dinoflagellates-1, haptophytes-6, 
haptophytes-7, haptophytes-8, prasinophytes and cryptophytes. Contribution of 

phytoplankton groups to total chlorophyll a was obtained through CHEMTAX. Sampling 
stations are represented as blue dots in the bottom left plot. 

 
 
3.2.2 Phytoplankton community: microscopy 
 
Results obtained from microscopy were generally in agreement with pigment analysis. 

Cryptophytes were found to be the most abundant group throughout the study area (Figure 

5). The highest abundances of dinoflagellates and cryptophytes were found near Oban Bay 

(59 x103 and ~190 x103 cells.L-1, respectively), as well as in the area south of the Sound of 

Kerrera to the open sea (37 x103 and ~54.5 x103 cells.L-1, respectively). The highest 

abundances of other flagellates (4.5 x103 to 8 x103 cells.L-1) were observed in the most inner 

stations, however, nanoflagellates may be underestimated due to the difficulty in correctly 

identifying them by microscopy. Centric diatoms were found to have the highest 
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abundances at the most inner station (~110 x103 cells.L-1). The highest abundances of 

pennate diatoms were observed at the most inner (~3.3 x103 cells.L-1) and most offshore 

(~3.8 x103 cells.L-1) stations. 

 
 

Figure 5 – Spatial distribution of phytoplankton cell abundances (cells.L-1), obtained by 
microscopy, of the following groups: pennate diatom, centric diatoms, dinoflagellates and 

cryptophytes and other flagellates. Note the different scales. Sampling stations are 
represented as blue dots in the bottom left plot. 

 

The highest abundances of Chaetoceros sp. and Skeletonema costatum (8.1 x103 and 99.5 

x103 cells.L-1, respectively) were recorded in the most inner station (Figure 6; Table 3). Their 

spatial distribution is in agreement with the general distribution of centric diatoms 

presented above. However, the distribution of Paralia sulcata is different, showing patches 
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throughout the Firth of Lorn and low abundances in the most inner stations. The pennate 

diatom Cylindrotheca closterium is well distributed across the Firth, with higher abundances 

in the most inner (2.4x103 cells.L-1) and offshore (1.9 x103 cells.L-1) stations. Nitzschia sp. 

was mainly observed in the most southern station (1.0 x103 cells.L-1). Dinoflagelates were 

most abundant in front of Oban bay, where Gymnodinium-like cells reached abundances of 

~52 x103 cells.L-1. 

 

 
Figure 6 – Spatial distribution of phytoplankton cell abundances (cells.L-1), obtained by 
microscopy, of the following taxa: 1) Chaetoceros sp., Paralia sulcata and Skeletonema 

costatum (centric diatoms); 2) Cylindrotheca closterium and Nitzschia sp. (pennate diatoms); 
and 3) Gymnodinium-like, Katodinium sp. and Scripsiella sp. (dinoflagellates). Note the 
different scales. Sampling stations are represented as blue dots in the bottom left plot. 
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3.3 HPLC-CHEMTAX vs cell counting 

 

 

Good agreement was obtained from the direct comparison between phytoplankton cell 

counts and the contribution to total chlorophyll a obtained through HPLC-CHEMTAX 

(p<0.05; Figure 7). All coefficients of determination were higher than 0.55 (e.g. r2=0.58 for 

dinoflagellates). The highest coefficients were obtained for diatoms (r2=0.93). Coefficients of 

determination of 0.87 and 0.74 were obtained for microphytoplankton 

(diatoms+dinoflagellates) and flagellates, respectively (Figure 7). Considering cryptophytes 

alone, which correspond to 85% of flagellate cell counts, a coefficient of determination of 

0.85 was obtained (data not shown). For low abundances of diatoms, lower than 2 x104 

cells.L-1, or chlorophyll a contributions lower than 0.04 mg.m-3., a significant relationship 

between microcospe and pigment data was not observed.  

 

 
Figure 7 – Phytoplankton abundances (cells.L-1) against chlorophyll a concentrations (mg.m-

3) obtained through CHEMTAX for diatoms, dinoflagellates, microphytoplankton (diatoms + 
dinoflagellates) and flagellates. Using CHEMTAX, flagellates were calculated by the sum of 

haptophytes, cryptophytes and prasinophytes. Microscopy counts included mostly 
cryptophytes and non-identified flagellates. The coefficients of determination are also 

presented. 
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3.4 Phytoplankton response to environmental drivers 

 

 

A Canonical Correspondence Analysis (CCA) was used to investigate the response of the 

phytoplankton community (abundances data for all taxa) to the environmental variables 

observed in this study (Figure 8). A Monte Carlo test showed that six environmental 

variables explained significantly the variability of phytoplankton data (p-value < 0.025). 

Results are presented for microscopy data only, given that the CCA analysis for groups 

derived from CHEMTAX was not significant.    

Using microscopy data, the CCA explained 90.3% of the variance associated with the 

phytoplankton-environment relationship. The first canonical axis alone explained 71.0% of 

the variance. The analysis indicated that centric diatoms responded to ammonium (NH4) 

and silicate (SiO2). They were also found to be negatively associated with salinity. Pennate 

diatoms and dinoflagellates were associated with high concentrations of nitrate+nitrite 

(NO3+NO2), phosphate (PO4), temperature, as well as high salinities. Nevertheless, the 

influence of these environmental variables is stronger for pennate diatoms than for 

dinoflagellates. Crytophytes were found to be negatively associated with nutrientes in 

general, N/P ratio and temperature. 

 

Figure 8 - Canonical Correspondence Analysis ordination diagram relative to data on 
absolute contributions of phytoplankton.The first two ordination axes represent 

45.0% of the total phytoplankton variance and 90.3% of phytoplankton-environment 
relations. Arrows refer to environmental variables (Temperature, salinity, SML, 

NO3+NO2, NH4, PO4, N/P and SiO2). Variables used were: Diatom p- pennate diatoms; 
diatom c- centric diatoms; dino- dinoflagellates; crypto- cryptophytes; other flag- 

other flagellates. 
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A Canonical Correspondence Analysis (CCA) was also used to investigate the response of the 

eight most abundant phytoplankton taxa, within the diatom and dinoflagellate groups, to 

the environmental variables observed in this study (Figure 9).  Each species contributed at 

least 0.75% of the total phytoplankton abundance observed in this study. A Monte Carlo 

test showed that six environmental variables contributed significantly to explain the 

variability of phytoplankton data (p-value < 0.03). The CCA explained 84.3% of the variance 

associated with the phytoplankton-environment relationship. The first canonical axis alone 

explained 71.6% of the variance. The centric diatoms Chaetoceros sp. and Skeletonema 

costatum were found to be associated with high concentrations of ammonium and silicate. 

The centric diatom of genus Paralia was observed to have an opposite relationship with 

these environmental variables, being strongly associated with high salinity, temperature, 

and high nitrate and phosphate concentrations, and negatively associated with ammonium 

and silicate. The pennate diatoms Cylindrotheca closterium and Nitzschia sp., as well as the 

dinoflagellates Gymnodinium-like and Katodinium sp. were also found to be influenced by 

high values of salinity and temperature, and high concentrations of nitrate and phosphate. 

High abundances of the dinoflagellate Scrippsiella sp. were found to be associated with low 

salinities and temperatures, as well as high phosphate and low nitrate concentrations 

 

 
Figure 9 - Canonical Correspondence Analysis ordination diagram relative to data on 

absolute contributions of phytoplankton community, for the eight most abundant 
diatoms and dinoflagellates taxa. The first two ordination axes represent 34.2% of 

the total phytoplankton variance and 84.3% of phytoplankton-environment 
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relations. Arrows refer to environmental variables (Temperature, salinity, SML, 
NO3+NO2, NH4, PO4, N/P and SiO2). Variables used were: Chaetoce- Chaetoceros; 

Cylindrot- Cylindrotheca; Gymno- Gymnodinium-like; Katodini- Katodinium; Nitzsch- 
Nitzschia; Paralia- Paralia; Scripsie- Scripsiella; Skeleton- Skeletonema. 

 
4. Discussion 

 

4.1 HPLC-CHEMTAX vs Microscopy  

 
Several studies have compared pigment chemotaxonomy (using CHEMTAX software) and 

microscopic analysis of phytoplankton groups and most of them suggested that it is crucial 

to combine both approaches to have a better understanding of the structure and 

functioning of phytoplankton communities (e.g., Schlüter et al., 2000; Havskum et al., 2004; 

Llewellyn et al., 2005; Kozlowski et al., 2011; de Souza et al., 2011; Mendes et al., 2011).  

The determination of photosynthetic pigment concentrations by HPLC, besides providing an 

accurate quantification of chlorophyll a concentration, allows the study of phytoplankton 

assemblage composition and structure, since some carotenoids and chlorophylls can be 

used as taxonomic indicators of phytoplankton groups (Gieskes and Kraay, 1983; Schlüter 

and Havskum, 1997; Ediger et al., 2006). However, interpretation of pigment data can be 

difficult as some pigments are present in several algal groups. For instance, fucoxanthin, 

which is a major pigment in diatoms, is also present in haptophytes (Jeffrey and Vesk, 1997; 

Wright and Jeffrey, 2006), and this can affect the estimation of diatoms by the CHEMTAX 

program. This problem of non-specificity of some pigments may have been the cause of the 

poor correlation observed for the stations with low contributions of diatoms. Another 

reason that may have contributed to this dissimilarity was microscopic enumeration of dead 

diatom cells that would not have been detectable in terms of pigments. Although this 

distinction was considered in the microscope counting, the separation between living and 

dead diatoms is very difficult (Schmid et al., 1998). It is recognized that microscope 

observations provide important taxonomical information (to species or genus), which 

provides a better taxonomic resolution than HPLC, particularly for large and recognizable 

organisms. Small-sized organisms, such as nanoplanktonic cells (e.g., haptophytes and 

prasinophytes) that were common in most of the stations of the studied region, are often 

difficult to preserve (not resistant to fixatives) and to identify by light microscopy. 

Therefore, microscopy can produce reliable identification of large cells, but often pico-and 

nanoplankton cells are unidentified or even overlooked. For this reason, using microscopy it 
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was not possible to obtain a good discrimination of most groups of pico- and nanoflagellates 

such as prasinophytes and/or haptophytes. However, despite all limitations considered, 

good agreements were found between microscope observations and pigment HPLC 

information for larger cells. Thus, the HPLC-CHEMTAX and microscopy were used in this 

study in a complimentary fashion, the first providing valuable information about the whole 

phytoplankton community, including small-size groups, whereas microscopy provided a 

good taxonomic reliability for large and recognizable organisms.  

 

4.2 Oban Bay: High biomass and low nutrients  

 
High chlorophyll a  concentrations were found in the most inner stations, as well as in the 

area located between the islands of Kerrera and Seil. These areas correspond to the 

locations where the water column depth was the shallowest. The maximum depth of the 

water column was between 25 and 50m in those locations. From these, the highest 

chlorophyll a concentrations (> 2 mg.m-3), were found in the station located next to Oban 

bay. Cryptophytes, which was the group that contributed the most to the high levels of 

biomass, is discussed in the next section. Physico-chemical conditions at this station were 

different from those observed elsewhere. At the surface (~5m), the water temperature was 

found to be the lowest (~13.2°C) and oxygen concentration was the highest (~7.8 mg.L-1), of 

the whole sampling campaign. Salinity values were approximately 29.8 psu, lower than most 

values observed throughout the Firth of Lorn. These conditions suggest a significant 

influence of waters outflowing from the mouth of loch Etive, which is located near to this 

station. In this study, there are no data from this loch to confirm this influence. However, 

given that different conditions were found at the station located at the mouth of loch 

Linnhe, the other important source of freshwater for this region, loch Etive seems to be the 

most likely source for the fresher water mass observed in front of Oban Bay. Loch Etive 

exhibits a classical fjordic three-layer hydrodynamics with strong stratification (Gillibrand et 

al., 2013). It is therefore hypothesised that the water column at this location is not only 

influenced by waters from the surface layer (< 10m; McKee et al., 2002) of loch Etive, but it 

is, at least partly, influenced by waters from intermediate layers. Temperatures were much 

lower than what was observed in the surface waters near the mouth of loch Linnhe and 

salinities were higher than the ones found near the mouth of loch Linnhe. Previous studies 

(e.g. Edwards and Edelsten, 1977; Austin and Inall, 2002) have discussed that water renewal 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 21

events in loch Etive may contribute to a rapid change of temperature (1 to 2 °C) and salinity 

(1 unit of salinity). Nitrogen and phosphate concentrations in Oban Bay were observed to be 

amongst the lowest of the region. This may be the result of increased nutrient uptake by the 

high levels of phytoplankton biomass. 

 

4.3 Phytoplankton response to environmental drivers 

 

According to the CHEMTAX analysis, the highest abundance of diatoms (using the 

chlorophyll a concentration associated with diatoms as a proxy for abundance) was found in 

the most inner station. Microscopy allowed the discrimination of two diatom groups: 

pennate and centric, with their spatial distribution and response to environmental 

conditions being very different. Centric diatoms, such as Chaetoceros sp., Skeletonema 

costatum and Paralia sp. were found in the most inner stations of the Firth, especially at the 

mouth of Loch Linnhe. This group, which was the main component of diatoms’ chlorophyll 

a, was found to be associated with high concentrations of ammonium and silicate, as well as 

low values of SML depth and salinity, as revealed by the CCA (Figure 8). Fehling et al. (2006) 

studied the temporal variation of the non-centric diatom Pseudo-nitzschia, from 2000 to 

2003 at exactly the same location where these centric diatoms were observed, i.e. at the 

mouth of Loch Linnhe. It is interesting to note that diatom Pseudo-nitzschia cells were found 

to be associated with high concentrations of ammonium and low concentrations of nitrate 

and phosphate, as found for centric diatoms in this study. However, they were also found to 

be associated with high values of salinity and low concentrations of silicate (Fehling et al., 

2006), which is different from what was observed in this station for centric diatoms, but 

similar to what was observed in other locations for pennate diatoms, which is discussed 

below. 

At the species level, the CCA analysis confirmed that Chaetoceros sp. and Skeletonema 

costatum (centric diatoms) were favoured by high concentrations of ammonium and 

silicate, and were associated with low values of salinity and SML. Through a Redundancy 

analysis (RDA), Fehling et al. (2012) also reported similar relationships between 

Chaetoceros spp. and environmental parameters for the Scottish continental shelf. S. 

costatum species seem to prefer semi-enclosed environments (Smayda, 1957). This 

species has also been associated with stratified conditions in Scottish (Tett et al., 1986) 
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and Chilean (Alves-de-Sousa et al., 2008) fjords. Conway and Harrison (1977) noted that 

the ability of Skeletonema costatum to take up ammonium is greater than that of 

Chaetoceros sp. However, the pattern is the opposite for silicate (Conway and Harrison, 

1977), underpinning the stronger association between Chaetoceros sp. and silicate in this 

CCA analysis (Figure 9) and also observed by Fehling et al. (2012). Alves-de-Souza et al. 

(2008) also reported a strong association between S. costatum and silicate concentrations 

and Yoder (1979) indicated that silicate could be one of the most important limiting 

nutrients for S. costatum. This supports the confined distribution of these centric diatoms, 

which were mainly found where silicate concentrations were the highest.  

Paralia sp. was the only centric diatom that did not follow the above pattern. It was 

associated with high nitrate, nitrite and phosphate concentrations, as well as high salinity 

values. It is interesting to note that Gerbühr et al. (2009), using data collected in the North 

Sea, from 1968 to 2005, presented similar results for Paralia sulcata. However, most 

studies also observe a strong association with silicate concentrations, most likely due to 

the heavily silicified nature of the valves of Paralia (e.g. McQuoid and Nordber, 2003). This 

relationship was not observed in the Firth of Lorn, where Paralia sp. was found to be 

strongly associated with low silicate concentrations. However, it is important to keep in 

mind that phytoplankton response may be delayed for some days, hence, significant 

phytoplankton growth may be observed when nutrient levels are already depleted 

(Davidson et al. 1992; Davidson et al. 1993)  due to previous cell uptake. The clarification 

of this issue requires further investigation.  

 Pennate diatoms were found to be associated with high salinities, high concentrations of 

nitrate, nitrite and phosphate, as well as high SML depths (CCA). Using species data, the 

CCA analysis confirmed the response pattern for Nitzschia sp. and Cylindrotheca 

closterium. Fehling et al. (2012) observed a strong relationship between Cylindrotheca 

closterium and Pseudo-nitzschia delicatissima and high salinity waters with high nitrogen 

concentrations. Salinity acting as a marker of oceanic water masses that work as a source 

of nitrogen (Fehling et al., 2012). Alves-de-Souza et al. (2008) also reported the association 

between a group of pennate diatoms (e.g. Cylindrotheca closterium, Pseudo-nitzschia spp. 

and Leptocylindrus minimus) and high concentrations of nitrate and phosphate. 

Cylindrotheca closterium responds quickly to nutrient enrichment and is frequently found 

in turbulent and mixed waters, during upwelling events (e.g. Moita et al., 2003; Brito et al., 
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2012a; Hansen et al., 2014). The most offshore station, where the peak of pennate 

diatoms was found, had a deep SML depth (~ 60m), which is likely to be a consequence of 

the mixed influence of the Great Race (Dale et al., 2011) and the 1-week event of strong 

winds. The wind-driven mixing is likely to have caused the break down of the typical 

summer stratification (Lønborg et al., 2009; Fehling et al., 2012) at the most offshore 

locations, making nutrients available for phytoplankton growth. Concerning nutrients, 

these high salinity oceanic waters were found to have different chemical compositions. 

Such changes in the relative nutrient availability are likely to trigger modifications in the  

phytoplankton community. The strong flows through the Sound of Luing and the Gulf of 

Corryvreckan may also be responsible for the resuspension of microalgae cells from the 

seabed, which would thrive in an nitrate-enriched environment. Importance of microalgae 

resuspension has already been reported for shallower coastal areas (e.g. De Jonge and van 

Beusekom, 1995; Brito et al., 2012b). Cylindrotheca closterium is characterized as a 

thycoplanktonic species (i.e, present in benthic and pelagic environment) and within 

genera Nitzschia many species are considered benthic (e.g. Staats et al., 1999; Yamamoto 

et al., 2012). 

The highest abundances of flagellates (dinoflagellates, haptophytes, prasinophytes and 

cryptophytes) were observed in front of Oban Bay. This station was stratified and was 

considered the most ‘oligotrophic’ area of the study region, given that it was the location 

where the lowest concentrations of both nitrogen and phosphate were recorded. 

Dinoflagellates were usually considered to be indicators of stratified waters, which seems 

to be the case of the station in front of Oban Bay. However, as noted above, Smayda and 

Reynolds (2001) suggested that dinoflagellates include species that use three different 

strategies, the C-, S- and R-strategies, to exploit existent environment conditions acording 

to the onshore-offshore gradient. From these, gymnodinioid (i.e. Gymnodinium-like) 

species were the most abundant dinoflagellates in Oban Bay. Although the results of CCA 

do not show a strong association between Gymnodinioids and nutrients, they are 

considered a typical C-strategist (opportunistic colonist) from Type I habitat, which 

includes nutrient enriched shallow coastal waters with seasonal intense stratification 

(Smayda and Reynolds, 2001; 2003). This does not seem to be in agreement with what was 

observed in Oban Bay, except if deeper waters of loch Etive, which are likely to be nutrient 

enriched, were influencing Oban Bay station. In this case, it could be hypothesised that, at 
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the time of sampling, the observed high phytoplankton biomass was responsible for the 

removal of nutrients from these surface waters, which is not the most likely scenario given 

the occasional nature of these processes. It is also interesting to note that dinoflagellates 

were the group with less afinity to ammonium concentrations, which is in agreement with 

previous studies (e.g. Bhovichitra and Swift, 1977; Litchman et al., 2007). Moreover, one 

has to keep in mind that dinoflagellates are characterised by complicated trophic 

relationships, having mixotrophic feeding strategies (e.g. Spector, 1984; Nakamura et al., 

1995).  

The HAPTO-6 group (e.g. Emiliania huxleyi) was the most abundant group of haptophytes 

in this region. Emiliania huxleyi is considered to be a fast growing phytoplanktonic species, 

especially under eutrophic conditions (r-strategy; Tyrrell and Merico, 2004). The set of 

conditions that are ideal for a bloom of Emiliania huxleyi are not fully understood yet 

(Lessard et al., 2005). It has been reported that high N/P ratios, i.e. phosphate limitation, 

was one of the required conditions (Tyrrell and Merico, 2004; Lessard et al., 2005). 

However, more recent studies have reported that most blooms were observed under low 

N/P ratios (details in Lessard et al., 2005). In fact, the distribution of HAPTO-6 in our study 

seems to be related to the lowest N/P ratios found for the Firth of Lorn. However, as 

discussed by Davidson et al. (2012), the relationship between N/P ratio and phytoplantkon 

functional groups can be difficult to interpret unless it can be clearly established that 

nutrient limitation is occurring. 

HPLC-CHEMTAX is an essential methodology to identify small flagellates, which could 

otherwise, i.e. through microscopy, be neglected. This is the case for Prasinophytes, which 

is a group known to be common in temperate and cold waters (Not et al., 2004; Becker 

and Kirchgasser, 2007). Although being one of the most abundant groups of flagellates in 

the Firth of Lorn, in this study their small size meant they were not identified by 

microscopy. Given that reliable identification of Prasinophytes is generally difficult, little is 

known about the abundance and ecology of the members of this group (Gescher et al., 

2008). Tappan (1980) named them as the ‘disaster species’ due to the reports of 

prasinophytes blooms during the decline of the ‘normal’ phytoplankton community. 

Hence, they have been considered an indicator of stressful environments. Here, the 

highest abundance of prasinophytes was observed in Oban Bay, which was the most 

nutrient deplete station at the time of sampling.  
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Cryptophytes, which were found in high abundances in the inner area of the Firth of Lorn, 

especially in Oban Bay, were the main group contributing to the total phytoplankton 

biomass observed in this region. They dominated the phytoplankton community at 

relatively stable and stratified locations, with low SML depth, low temperatures, low 

concentrations of nitrate, nitrite and phosphate (which increased towards open ocean), as 

well as high silicate concentrations (CCA analysis). The association of cryptophytes with 

high silicate concentrations may be an indicator that they respond to the input of 

freshwater leading to some degree of stratification. For instance, Moline et al. (2004) has 

shown the association between low salinity/stratified waters and cryptophytes, this was 

also observed by Mendes et al. (2013) in the Antartic Peninsula, where the phytoplankton 

community was dominated by cryptophytes in areas receiving freshwater due to ice 

melting. Brito et al. (2014) also provided an indication of this relationship in temperate 

estuarine systems. Our results have shown that centric diatoms are favoured by high 

concentrations of ammonium and silicate and low salinity values, while cryptophytes seem 

to have a weak response to salinity and do not seem to be favoured by high 

concentrations of ammonium, as the ones observed in the most inner station of the Firth 

of Lorn. In general terms, no clear response of cryptophytes to nutrient enrichment was 

observed, as discussed by Balode et al. (1998), Arhonditsis et al. (2008) and Mendes et al. 

(2013). As for dinoflagellates, cryptophytes can also be mixotrophic, combining 

autotrophic with heterotrophic feeding strategies, especially during periods of low 

nutrient concentrations (Lee, 2008). 

 

 

4.4 Phytoplankton Functional Groups: an overview for diatoms 
 
 
Functional groups can be discriminated based on the relationship between maximum linear 

dimension and surface/volume ratio (S/V; Reynolds, 1996). C- strategists would be the 

colonist, fast-growing species with small and high S/V cells, that dominate in stratified 

waters, as already discussed in the previous section. Species with R-strategy would be the 

elongated, high S/V species that thrive under turbulent conditions with high nutrient 

concentrations. S- strategists would be the slow-growing species with large cells that are 

adapted to oligotrophic conditions. Although diatoms are generally considered R-strategists, 
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Bonilla et al. (2005) discussed that some species, such as Chaetoceros spp., may be 

considered CR-strategists. In this study, Chaetoceros sp. was abundant in areas with low 

turbulence. Plots that compare DIN and S/V with SML depth yield results for Chaetoceros sp. 

that are similar with those of Gymnodinioid group, that is a typical C-strategist (Smayda and 

Reynolds, 2003; Figure 10). This is also in accordance to the flexible classification presented 

by Bonilla et al. (2005). 

 

 
Figure 10 – A – DIN concentrations (µM) against SML depth (m) and B – S/V ratio (µm-1) 

against SML depth (m) for two pennate species (C. closterium and Nitzschia sp.), two 
centric species (S. costatum and Chaetoceros sp.) and Gymnodinoids. Pennate and centric 
species are grouped in grey circles. DIN and SML data were collected during this study and 

S/V data for S. costatum, C. closterium and Gymnodinium sp. (for Gymnodinioids) were 
taken from Alves-de-Sousa et al. (2008). S/V ratio of Nitzschia sp. was considered to be 

similar to C. closterium. S/V ratio of Chaetoceros sp. was considered to be an 
approximation to the average ratios of genus Chaetoceros presented by Alves-de-Souza et 

al. (2008). 
 

Alves-de-Souza et al. (2008) presented one of the first studies applying Reynolds’ model to 

marine diatom communities. They identified three functional groups of diatoms in the 

Chilean fjords: D1 composed of species with S/V › 1.5 µm-1 and high correlation with nitrate 

(e.g. C. closterium); D2 composed of species with S/V ~1 µm-1  and also correlated with 

nitrate (e.g. Chaetoceros sp.); and D3 composed of species with S/V ~0.5-0.8 µm-1 and 

correlated with silicate and stratification (S. costatum). In addition to Alves-de-Souza et al. 

(2008), other studies such as Smayda and Boleyn (1966) in the Narragansett Bay (USA), 

Varela et al. (2011) in Saanich Intet (British Columbia, Canada) and Joint et al. (1987) in Loch 

Ewe (Western Scotland) have also reported S/V values of ~0.6-0.9 µm-1 for S. costatum. 

With some differences, the results presented herein show great similarities with the ones 

reported by Alves-de-Souza et al. (2008; Figure 10). Although data used is temporally 
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restricted, providing only a quick snapshot of the seasonal pattern, in this study the 

existence of four groups of diatoms is hypothesized. Each group is represented by one 

species. Pennate and centric diatoms seems to be located in very distinctive areas of the 

plots presented in Figure 10, as well as responding to different environmental conditions, as 

discussed before. Cylindrotheca costerium and Nitzschia sp. yielded similar responses to 

environmental variables in the CCA. However, they were associated with very different 

mixing regimes, which may indicate inherent functional differences. Chaetoceros sp. and S. 

costatum were found in the same stratified conditions (similar SML depth). Their response 

to environmental variables is slightly different and their S/V ratio is also generally different. 

The S/V ratio is an important factor to differentiate functional groups as discussed by 

Reynolds et al. (2002) and Alves-de-Souza et al. (2008), as the separation of species by 

morphology coincides with their distribution throughout different habitats (Reynolds et al., 

1997). Further studies considering the long-term dynamics of phytoplankton in the Firth of 

Lorn would be essential to test the hypothesis proposed here. In summary, one could 

hypothesize that pennate diatoms are composed of two functional groups, i.e. P1 (C. 

closterium) and P2 (Nitzschia sp.), and centric diatoms are composed of two groups as well, 

i.e. C1 (S. costatum) and C2 (Chaetoceros sp.).  

 

 
5. Conclusions 

 
 

Microscopy analysis of phytoplankton communities is able to provide good taxonomic 

resolution (species level) for large cells (> 20µm), however, pico and nanophytoplankton are 

often unidentified. Phytoplankton pigments, through the chemotaxonomical analysis, are 

considered decisive to identify the presence of groups of smaller cells. HPLC-CHEMTAX and 

microscopy should therefore be used complementarily to obtain information about the 

whole community. 

Cryptophytes were the most abundant phytoplankton group in the Firth of Lorn, mainly at 

stratified stations, where SML depth, temperatures, and concentrations of nitrogen and 

phosphorus were low and concentrations of silicate were high. The most abundant 

dinoflagelates observed in this region were the Gymnodinium-like cells, which were also 

present in the stratified waters with low concentrations of nitrogen and phosphorus. 
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Centric diatoms, mainly S. costatum and Chaetoceros sp. were observed in the most inner 

stations of the region, which were stratified (with low SML depth) and had high 

concentrations of ammonium and silicate but low concentrations of nitrate and phosphate. 

The S/V ratio of centric diatoms was lower than those of pennate diatoms (Cylindrotheca 

closterium and Nitzschia sp.). Pennate diatoms were observed at stations with high 

concentrations of nitrate and phosphate and higher SML depths. SML depth was much 

higher for Nitzschia sp., which was found in more turbulent conditions than for C. 

closterium. Four diatom groups were therefore proposed according to their surface to 

volume ratios, turbulence and preferred nutrient conditions. 
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Table 1 – Pigment concentrations (mg.m-3) obtained in this study (average and minimum-

maximum values). 

 

Table 2 -  Input and output ratios of marker pigments to chlorophyll a for surface and deep 

chlorophyll maximum (fluorescence) . 

 

Table 3 – Average, minimum and maximum abundance values (x103 cells.L-1) of the 

seventeen most abundant taxa observed in this study. Each taxon contributed at least 

0.15% for the total phytoplankton abundance. Information on the classification used to 

separate diatoms is also provided (centric vs pennate). 
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Table 1 – Pigment concentrations (mg.m
-3

) obtained in this study (average and 

minimum-maximum values). 

Abbreviation Pigment 
Average and range of 

concentrations (mg.m
-3

) 

Chl a Chlorophyll a 0.971 (0.639 – 2.570) 

Chlide a Chlorophyllide a 0.015 (0.002 – 0.160) 

Chl b Chlorophyll b 0.142 (0.089 – 0.337) 

Chl c1 Chlorophyll c1 0.003 (0.000 – 0.031) 

Chl c2 Chlorophyll c2 0.119 (0.074 – 0.363) 

Chl c3 Chlorophyll c3 0.076 (0.049 – 0.166) 

Mg DVP 
Mg-2,4-divinylpheoporphyrin a5 

monomethyl ester 
0.012 (0.007 – 0.032) 

Diadino Diadinoxanthin 0.043 (0.023 – 0.152) 

Dino Dinoxanthin 0.004 (0.001 – 0.017) 

Lut Lutein 0.004 (0.002 – 0.013) 

Diato Diatoxanthin 0.006 (0.002 – 0.018) 

Allo Alloxanthin 0.084 (0.047 – 0.278) 

Zea Zeaxanthin 0.009 (0.005 – 0.019) 

Perid Peridinin 0.049 (0.019 – 0.174) 

Neo Neoxanthin 0.013 (0.008 – 0.031) 

But-fuco 19'-Butanoyloxyfucoxanthin 0.005 (0.002 – 0.011) 

Fuco Fucoxanthin 0.270 (0.152 – 0.580) 

Hex-fuco 19'-Hexanoyloxyfucoxanthin 0.086 (0.055 – 0.231) 

Hex-kfuco 19'-Hexanoyloxy-4-ketofucoxanthin 0.024 (0.016 – 0.046) 

Croco Crocoxanthin 0.008 (0.005 – 0.027) 

Viola Violaxanthin 0.017 (0.010 – 0.046) 

Prasino Prasinoxanthin 0.031 (0.019 – 0.069) 

β,β--Car β,β -Carotene 0.024 (0.015 – 0.062) 

Β,ε-Car Β,ε-Carotene 0.015 (0.009 – 0.040) 

Chl c2-MGDG 

[18:14] 

Chl c2-monogalactosyldiacylglyceride 

ester [18:14] 
0.010 (0.006 – 0.021) 

Chl c2-MGDG 

[14:14] 

Chl c2-monogalactosyldiacylglyceride 

ester [14:14] 
0.008 (0.004 – 0.029) 

Pheide a Pheophorbide a 0.024 (0.009 – 0.106) 

Phe a Pheophytin a 0.021 (0.010 – 0.057) 
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Table 2 -  Input and output ratios of marker pigments to chlorophyll a for surface and deep chlorophyll maximum (fluorescence) . 

 

Initial ratios                   

Taxonomic group Chl c3 Chl c1 Perid 
But-

fuco 
Fuco Neo 

Hex-

kfuco 
Viola Prasino 

Hex-

fuco 
Dino Zea Lut Chl b Allo 

Chl c2-

MGDG[18:14] 

Chl c2-

MGDG[14:14] 
Chl a 

Diatoms-1 0.000 0.107 0.000 0.000 0.675 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Dinoflagellates-1 0.000 0.000 0.609 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Haptophytes-6 0.346 0.000 0.000 0.026 0.723 0.000 0.150 0.000 0.000 0.099 0.000 0.000 0.000 0.000 0.000 0.068 0.000 1.000 

Haptophytes-7 0.202 0.014 0.000 0.011 0.388 0.000 0.151 0.000 0.000 0.567 0.000 0.000 0.000 0.000 0.000 0.094 0.103 1.000 

Haptophytes-8 0.171 0.000 0.000 0.103 0.300 0.000 0.058 0.000 0.000 0.371 0.000 0.000 0.000 0.000 0.000 0.058 0.000 1.000 

Prasinophytes-3 0.000 0.000 0.000 0.000 0.000 0.093 0.000 0.035 0.222 0.000 0.000 0.057 0.011 0.911 0.000 0.000 0.000 1.000 

Cryptophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.253 0.000 0.000 1.000 

                   

Final ratios (Surf)                   

Taxonomic group Chl c3 Chl c1 Perid 
But-

fuco 
Fuco Neo 

Hex-

kfuco 
Viola Prasino 

Hex-

fuco 
Dino Zea Lut Chl b Allo 

Chl c2-

MGDG[18:14] 

Chl c2-

MGDG[14:14] 
Chl a 

Diatoms-1 0.000 0.096 0.000 0.000 0.523 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Dinoflagellates-1 0.000 0.000 0.499 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.041 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Haptophytes-6 0.280 0.000 0.000 0.015 0.845 0.000 0.074 0.000 0.000 0.076 0.000 0.000 0.000 0.000 0.000 0.017 0.000 1.000 

Haptophytes-7 0.171 0.011 0.000 0.009 0.307 0.000 0.104 0.000 0.000 0.800 0.000 0.000 0.000 0.000 0.000 0.071 0.091 1.000 

Haptophytes-8 0.134 0.000 0.000 0.087 0.251 0.000 0.047 0.000 0.000 0.312 0.000 0.000 0.000 0.000 0.000 0.049 0.000 1.000 

Prasinophytes-3 0.000 0.000 0.000 0.000 0.000 0.063 0.000 0.076 0.147 0.000 0.000 0.043 0.013 0.652 0.000 0.000 0.000 1.000 

Cryptophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.258 0.000 0.000 1.000 

                   

Final ratios (DCM)                   

Taxonomic group Chl c3 Chl c1 Perid 
But-

fuco 
Fuco Neo 

Hex-

kfuco 
Viola Prasino 

Hex-

fuco 
Dino Zea Lut Chl b Allo 

Chl c2-

MGDG[18:14] 

Chl c2-

MGDG[14:14] 
Chl a 

Diatoms-1 0.000 0.084 0.000 0.000 0.558 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Dinoflagellates-1 0.000 0.000 0.466 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000 0.000 0.000 0.000 0.000 1.000 

Haptophytes-6 0.312 0.000 0.000 0.008 0.902 0.000 0.089 0.000 0.000 0.083 0.000 0.000 0.000 0.000 0.000 0.018 0.000 1.000 

Haptophytes-7 0.172 0.010 0.000 0.010 0.326 0.000 0.131 0.000 0.000 0.731 0.000 0.000 0.000 0.000 0.000 0.068 0.094 1.000 

Haptophytes-8 0.142 0.000 0.000 0.086 0.240 0.000 0.037 0.000 0.000 0.320 0.000 0.000 0.000 0.000 0.000 0.048 0.000 1.000 

Prasinophytes-3 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.060 0.160 0.000 0.000 0.041 0.010 0.679 0.000 0.000 0.000 1.000 

Cryptophytes 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.231 0.000 0.000 1.000 
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Table 3 – Average, minimum and maximum abundance values (x10
3
 cells.L

-1
) of the 

seventeen most abundant taxa observed in this study. Each taxon contributed at least 

0.15% for the total phytoplankton abundance. Information on the classification used to 

separate diatoms is also provided (centric vs pennate). 

 

Genera Abundances 

(x10
3
 cells.L

-1
) 

Average           (min-max) 

Diatom 

typology 

 

Bacillariophyceae    

Chaetoceros  460.0 
 

0.0 – 8100 Centric 

Dactyliosolen 64.8 0.0 – 240 Centric 

Detonula 97.9 0.0 – 2680 Centric 

Guinardia 41.4 0.0 – 410 Centric 

Leptocylindrus 43.6 0.0 – 630 Centric 

Paralia 363.6 0.0 – 1230 Centric 

Rhizosolenia 124.1 0.0 – 820 Centric 

Skeletonema 5998.1 0.0 – 99440 Centric 

Cylindrotheca 1139.5 300.0 – 2380 Pennate 

Navicula 35.0 0.0 – 240 Pennate 

Nitzschia 186.2 20.0 – 980 Pennate 

Dinophyceae    

Amphidinium 77.14 0.0 – 220 - 

Gymnodinioid 12046.2 570.0 – 57930 - 

Heterocapsa 53.6 0.0 – 1360 - 

Katodinium 342.1 80.0 – 790 - 

Prorocentrum 103.1 20.0 – 300 - 

Scripsiella 176.4 0.0– 880 - 

 

 


