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Abstract 

This study address the seasonal distribution of phytoplankton marker pigments (PMP) and the ratios 

(indicating freshness and fate) from water and surface sediments from the coastal port ecosystem 

(Paradip port, Odisha, east coast of India) and its utility in understanding phytoplankton pelagic-

benthic linkages. Chlorophyll and PMP (for different groups and degradation) distribution revealed 

distinct seasonality, but the seasonal trend was different for water and sediments.  High and low 

values were observed in the water column during inter-monsoons (fall/spring) and monsoons 

(southwest/northeast), respectively, whereas, in sediments, the reverse was recorded. However, the 

contribution of group specific PMP were different: fucoxanthin>chlorophyll b> zeaxanthin> 

alloxanthin>peridinin dominated in water and chlorophyll b>zeaxanthin >fucoxanthin> 

alloxanthin>peridinin in sediment.  Selective grazing and stability of sedimentary PMP (fucoxanthin, 

diatoms PMP, is least stable than other groups) could contribute to such differences. Relatively high 

chlorophyll:pheopigment ratios in the water and low pheophorbide: pheophytin in sediments 

indicated the dominance of actively growing microalgae and chlorophyll degradation via 

chlorophyllidae pathway in the water but not in sediments. These findings suggest that (i) much of 

the phytoplankton (primarily diatoms) is lost due to herbivory before reaching bottom sediments, and 

(ii) pigment contribution is determined by selective grazing in water and PMP decay constants in 

sediments. Documenting such information will give new insights into ecosystem assessment and 

algal bloom research. 
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Introduction 

Phytoplankton are accountable for about half of the global primary production and establish a base to 

the food web, which supports either directly or indirectly to the entire marine ecosystems (Jeffrey 

and Vesk 1997; Falkowski et al. 2004).  Phytoplankton are represented by considerable diversity of 

algal groups with size ranging from 0.2 microns to several millimeters. All phytoplankton, by their 

photosynthetic activities, are a significant contributor to global carbon fluxes (Falkowski 1998).  In 

the coastal area, benthic faunal changes are determined by the fluctuation of phytoplankton, which is 

major organic input (Zhang et al. 2015). Since phytoplankton are the principle element of 

biogeochemical cycles and food web dynamics, accessing phytoplankton biomass and its functional 

groups from pelagic and benthic environments plays a crucial role in environmental assessments.    

Benthic-pelagic coupling is demonstrated as the exchange of energy, biomass, or inorganic 

nutrients between benthic and pelagic habitats.  It plays a crucial part in the nutrient cycling and food 

web dynamics of aquatic ecosystems.  Coastal and estuarine systems are strongly affected by 

anthropogenic activities, but the understating of organic matter and inorganic nutrient exchange 

between the benthic environment and water column are minimal (Griffiths et al., 2017).  Therefore, 

knowledge of the phytoplankton composition and biomass from the pelagic ecosystem is essential to 

understand the linkage and dynamics (Mendes et al. 2011; Agirbas et al. 2015).  The water column 

phytoplankton changes also fuel the benthic production (Graff and Rynearson 2011, Freiberg et al. 

2011).  Sedimentary pigments reflect phytoplankton production and its pathway in the water column 

and sediment.  Hence, it is hypothesized that assessing the dynamics of phytoplankton marker 

pigments from sediments and water columns will improve the understanding of benthic-pelagic 

coupling, which is an essential process in the functioning of the ecosystem (Freiberg et al. 2011).  

Apart from the group-specific phytoplankton marker pigments, chlorophyll a and its degradation 

products (chlorophyllide a - Chlide a; pheophytin a - Pheo a; pheophorbide a - Pheid a;, and 

pyropheophytin a - pPheo a) often used as a diagnostic indicator for the fresh and degraded 

microalgal community, respectively (e.g.Wieking and Kröncke 2005; Pusceddu et al. 2009). 

Processes such as growth, grazing, cell sinking and senescence, photodegradation, fecal pellet 

sinking, physical mixing, and transport affect chl a and pheopigments concentrations in the euphotic 

zone.  Hence assessing these pheopigments and their ratios will strengthen the understating of 

phytoplankton from the given ecosystem.  So far several studies are either focused on the water 

column pigment distributions or sedimentary pigment biomarkers, including the Indian coasts (Ahel 

et al. 1996; Ston 2002; Lohrenz et al. 2003; Dyble and Moisander 2003; Henriksen et al. 2002; e.g., 

Chakraborty et al. 2011; Roy et al. 2011; Agirbas et al. 2017; Nunes et al. 2018; Naik et al. 2018, 
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Morata and Renaud. 2008; Reuss et al. 2010; Freiberg et al. 2011; Aneeshkumar and Sujatha 2012; 

Rasiq et al. 2016; Symczak-Zyla et al. 2008; Sañé et al. 2019). However, some microscopic studies 

indicated the persistence of benthic-pelagic coupling in bloom-forming diatoms (Patil and Anil 

2008), diatom viability in sediments for several months (Anil et al. 2007), and phytoplankton 

pigment linkage between benthic and pelagic from the large shallow lake (Frieberg et al. 2011). The 

studies related to phytoplankton biomass and composition from the coastal sediment and its coupling 

between the water columns are limited to the best of our knowledge.  This study expands the existing 

knowledge for the area in terms of distribution and dynamics of phytoplankton marker pigments, 

benthic-pelagic couling, and the fate of ungrazed phytoplankton using marker pigments and the 

ratios indicating phytoplankton physiological status and the nature of the loss process. 

Materials and Methods  

The present study was conducted in Paradip Port, which is one of the major seaport situated on the 

east coast of India (Fig. 1).  It is an artificial lagoon type Port located at about 6.7 km south of 

Mahanadi River mouth in Odisha.  This Port has a 190 m wide approach channel, protected by the 

northern and southern breakwaters with a length of 0.5 km and 1 km.  Paradip Port exports and 

imports commodities like iron ore, manganese ore, coal, chrome ore, coking coal, petroleum, 

sulphuric acid, limestone.  Paradip Port has 15 berths, three single point mooring, and 1 Ro-Ro jetty 

with the length from 50 m to 520 m and a well-maintained approach and entrance channel with the 

minimum depth of 17.1 m (https://www.paradipPort.gov.in/Port_Brochure_Static.aspx). Tides in this 

region are mixed semidiurnal type with an average tidal height of 1.87 m and 0.7 m during spring 

and neap tide, respectively.   The average rainfall is 150 cm, with the maximum during active 

southwest monsoon SWM (June to August) and the little rainfall during FIM (retreating monsoon) 

from October to November. In general, the sediment texture is dominated by silt (59.0%26.8%), 

followed by sand (37.3%26.3%) and clay (2.8%9.5%) during observation (Noyel and Desai, 

2020). 

Sampling strategy 

Water and sediment sampling was carried out from 12 fixed stations in the Paradip port (Fig. 

1) on four different occasions representing different seasons for the period from 2014-2015, [8th - 

15th August 2014 (SWM), 13th - 22nd December 2014 (NEM), 11th - 20th May 2015 (SIM), and 29th 

August to 8th September2015 (FIM)].  Since September represent the transition between SWM and 

NEM seasons (Mukherjee et al. 2014) it is referred to as FIM in this study. During 2015 SWM, peak 

rainfall was observed during June to August 2015 and a decrease after that (Suppl. Fig. 1).  All the 
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sampling was conducted between low-tide (1-1.5 m) and high-tide (2-3 m) in the morning.  

Additionally, during each sampling season, a 24h time series sampling (2h interval) at the center of 

the port (station no. 7, Fig. 1) was also carried out to assess the chl a and pheopigments variations 

due to tides (Suppl. Fig. 2-4.  Water samples were collected using Niskin bottles (5 L) to measure 

environmental parameters such as salinity, dissolved oxygen, biological oxygen demand, 

phytoplankton pigments, and inorganic nutrients (nitrate, nitrite, ammonia, phosphate, and silicate).  

The water temperature was determined in situ using a multiparameter Sonde DS5X (Hydrolab). 

Salinity was measured with an Autosal (Guildline Autosal 8400B). Dissolved inorganic nutrients 

such as nitrate (NO3), phosphate (PO4), nitrite (NO2), ammonium (NH4), and silicate (SiO4) were 

analyzed by SKALAR SANplus ANALYSER. Dissolved oxygen (DO) and biological oxygen 

demand (BOD) were analyzed following standard methods (Parsons et al. 1984).  For the pigment 

analysis, 250 to 500 ml of water samples were passed through GF/F filter (27mm; pore size 0.7 mm) 

and stored in at -80º C until analysis using high-performance liquid chromatography (HPLC).  For 

the sediment pigment analysis, sediment samples were collected using Van Veen grab. The top 2cm 

surface sediment samples were collected using PVC corer with a diameter of 2.5 cm and stored in -

80 ºC till further analysis. 

Phytoplankton pigment analysis from the water column 

The collected pigment samples were extracted by adding 3 to 4 ml of 90% acetone (V: V with the 

deionized water) to the frozen filter paper, which was sonicated using an ultrasonic probe (Labsonic 

U, B. Braun Biotech International, Leverkusen, Germany) for 10 sec at 20 kHz and kept on ice to 

prevent excessive heat.  The extracts were then stored overnight at -20 °C for analysis using HPLC 

(Agilent Technology; Series 1200).  Before analysis, all the extracts were filtered (Nylon filter 

membranes, 0.2 μm pore size) immediately before injection in the HPLC to remove cells and debris 

from sonicated filter paper.  To prevent the photolysis of the samples, extraction and injection 

procedures were performed under dim light. Pigment analysis was performed following the method 

of Van Heukelem (2002) with a slight modification as detailed subsequently.  The pigment extracts 

were injected into the HPLC system equipped with an Agilent 1200 series pump; an Agilent diode 

array detector connected using a reverse-phase C8 Column maintained with 60ºC (150 X 4.6 mm, 

3.5 mm particle size) with 3 phase linear solvent gradient program at a flow rate of 1.1 ml/min. The 

excitation and elution of the extracted pigments were detected at 450 and 665 nm. The quantitative 

and qualitative analysis of about 20 pigments, including pheopigments, was carried out using the 

commercially available pigment standards purchased from DHI Inc (Denmark) and Sigma–Aldrich 

(USA).  Chlorophyll degradation products such as pheophytin and pheophorbide were also 
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calculated along with the other accessory pigments to understand the different season’s ecosystem 

processes.  Chlorophylls, carotenoids, and other chlorophyll breakdown products were quantified 

using the commercially available pigment standards purchased from DHI Inc (Denmark).  

Chlorophyllide, another degradation pigment, was not detected in any of the samples analyzed. 

Additionally, the following pigment ratios Chl a: total phoepigments (TPhe), pheophorbide: 

pheophytin (Pheid : Phe) were also considered for better interpretation.  Among these, only the 

average ratio of Pheid: Phe ratio presented in this manuscript were taken from Sathish et al. (2020) 

and it is used only to compare with the data from the near bottom and surface sediment to delineate 

the factors influencing benthic-pelagic coupling. 

Phytoplankton pigment analysis from the sediments 

Sediment samples (0.5 to 1 g) were transferred to the 15 ml amber colored polypropylene centrifuge 

tubes along with 4 ml of HPLC grade acetone.  The mixture was then sonicated using an ultrasonic 

probe (Labsonic U, B. Braun Biotech International, Leverkusen, Germany) for 10 sec at 20 kHz and 

kept on ice to prevent excessive heat.  After sonication, the mixture transferred to the deep freezer (-

20 °C) for overnight incubation.  Further, the sample mixture was centrifuged, filtered with a syringe 

filter (0.2 µ), and stored in the deep freezer until analysis.  Quantitative analysis of sediment 

pigments was carried out using the HPLC system equipped with an Agilent 1200 series pump, and an 

Agilent diode array detector connected using a reverse-phase C18 Column (4.6 ×250 mm, 5.5 mm 

particle size) with 3 phase linear solvent gradient program was used.  This gradient program was a 

modification of Wright et al. (1991) described by Chen et al. (2016) to enhance the separation of 

pheopigments.  The excitation and elution of the extracted pigments were detected at 450 and 665 

nm. The quantitative and qualitative analysis of chlorophylls, carotenoids, and chlorophyll 

degradation products was carried out using the commercially available pigment standards purchased 

from DHI Inc (Denmark) and Sigma–Aldrich (USA).  Chlorophyllide, was not detected in any of the 

surface sediment samples as well. Pigments ratios Chl a: TPhe and Pheid: Phe were also calculated 

from analyzed sediment samples for better interpretation. 

Statistical analysis 

ANOVA and followed by post hoc Tukey tests were performed using Statistica software to evaluate 

the spatial and temporal variations in the PMP's (both concentrations and contributions) and 

pheopigments ratios (Pheid:Phe and Chl a: TPhe).  To evaluate the relationship between relative 

contribution (%) of PMP’s and measured environmental parameters (temperature, salinity, DO, 

BOD, PO4, SiO3, NO2, NO3 and NH4) redundancy analysis (RDA) was performed by using the 
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CANOCO 4.5 software (ter Braak and Smilauer 2002).  For RDA, arcsine transformed data of 

relative contribution of PMP’s were used. For surface water, PMP’s and environmental parameters 

corresponding to surface water were used, whereas for NBW and sediment PMP’s and 

environmental parameters corresponding to NBW were used.  Before RDA, data was initially 

analyzed by detrended correspondence analysis. Since the most extended gradient length for the 

water column (Surface and NBW) and sediment was less than 3.0, RDA was performed.  

Results 

Environmental parameters 

The results revealed that the measured environmental parameter showed a distinct seasonality. Water 

temperature ranged from 25.2 to 30.4 ºC with the highest temperature during FIM (29.7 ± 0.4 ºC).  

The water column remained cooler during NEM (25.2 to 26.9 ºC) and warmer during SWM (19.1 to 

28.6) and SIM (27.4 to 28.8 ºC).  Salinity variations were wide (25.6 to 33.9), with the highest (33.8 

to 33.9) salinity observed during SIM followed by NEM (28.9 to 32.6) and FIM (28.1 to 31.5).  The 

lowest salinity was found during SWM (25.6 to 28.7).  Higher salinity was observed in the NBW 

compared to surface water during all seasons, suggesting the freshwater influence in the port area. 

ANOVA revealed an insignificant difference (p >0.05) in salinity and temperature between surface 

and NBW.  DO concentration ranged from 2.6 to 5.6 µg l-1 with the maximum concentration (5.2 ± 

0.4 µg l-1) in the surface water during SWM.  There was no considerable difference in the averaged 

DO concentrations during NEM, FIM, and SIM and ranged between 4.0 to 4.7 µg l-1.  ANOVA 

revealed a significant difference (p <0.001) in DO concentrations for surface and NBW, except 

during NEM.  BOD values ranged from negligible to 2.7 µg l-1 with the maximum and minimum 

demand during FIM (0.6 to 2.7 µg l-1) and SWM (0 to 0.8 µg l-1), respectively (Fig. 2). 

NO3
 concentrations were high during FIM (1.2 to 14.7 μM) compared to other seasons and 

during the rest of the seasons (SWM, NEM, and FIM) magnitude of the averaged values (4.0 to 4.8 

μM) was same.  NO2
 concentration ranged from 0.4 to 3.3 with the maximum and minimum during 

SIM (1.8 ± 0.2 μM) and SWM (0.9 ± 0.2 μM) respectively.  PO4
 concentrations ranged up to 2.8 μM 

with the higher and lowest values during SIM (2.2 to 3.0 μM) and FIM (0 to 0.5 μM), respectively.  

Highest SiO4
 levels were observed during FIM (8.1 to 134.9 μM) and SIM (52.3 to 100.0 μM) 

compared to NEM (31.8 to 106.4 μM) and SWM (13.7 to 27.0 μM).  Interestingly, SiO4 

concentrations (71.1 ± 41.9 μM) were relatively higher in the NBW compared to surface water (60.3 

± 37.6 μM) during FIM.  There was no significant difference (p >0.05) in PO4, NO3, NO2 and SiO4 

values between surface and NBW (Fig. 3). 
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Phytoplankton pigment concentrations 

Altogether 16 pigments were observed in the water column, and 11 pigments were observed in the 

surface sediment samples.  Chl a, Chl b, Fuco, Zea, Allo, Peri, Phe a, and Pherd a were the primary 

pigments observed in the water column and sediment.  The results indicated a distinct seasonality in 

the distribution of biomass (chl a) and marker pigments (for different groups and degradation) from 

the sediment and overlying water column.  However, the seasonal trend in the surface and NBW was 

the same but not with the sediment.  In the surface and NBW, chl a ranged between 0.1 to 8.8 µg l-1.  

The higher values were observed during spring (1.1 to 3.8 µg l-1) and fall (0.7 to 3.1 µg l-1) inter-

monsoons compared to the southwest (0.2 to 0.7 µg l-1) and northeast (0.1 to 1.6 µg l-1) monsoons.  

The chl a in sediments ranged between 0.01 to 0.2 µg g-1, and the higher values were observed during 

southwest (0.03 to 0.14 µg g-1) and northeast (0.02 to 0.24 µg g-1) monsoons compared to fall (0.01 to 

0.05 µg g-1) and spring (0.03 to 0.10 µg g-1) inter-monsoons (Fig. 4 and Table. 1). Next to chl a, Fuco, 

a marker pigment of diatom, was the dominant accessory pigment with average of all stations ranged 

between 0.07 to 0.60 µg g-1 in the water column and ranging from 0.01 to 0.13 µg g-1 in the sediment.  

High Fuco concentrations were observed in the water column during fall and spring inter-monsoons 

(average for all stations, 0.29 to 0.60 ug l-1), and low values during southwest and northeast monsoons 

(average 0.07 to 0.13 µg l-1) and the reverse trend was observed in the sediments.    Moreover, 

significantly higher concentrations of Chl b, followed Zea, Allo, and Peri, which are considered as 

marker pigments for chlorophyte, cyanobacteria, cryptophytes and dinoflagellates, respectively, were 

observed during inter-monsoons (fall and spring) compared to monsoons (southwest and northeast; 

Table 1).  Interestingly, 19’ hexafucoxanthin and prasinoxanthin, which are marker pigments for 

prymesiophytes and prasinophytes, were present on most of the occasions, but the contribution was 

negligible in the water column and was not detected in the sediments.  Phe a, and Pherd a are the 

primary and secondary breakdown product of the Chl a.  The average concentration of Phe a, and 

Pherd a in the water column ranged between 0.02 to 0.14 µg l-1, whereas in the sediments, the ranges 

for former and latter were 0.15-1.26 and 0.06 to 0.32 µg g-1, respectively.  Two-way ANOVA of all 

the detected pigments revealed significant variations (p<0.001) between seasons but not between the 

stations, and two hourly sampling (i.e. no tidal effect). 

 Phytoplankton marker pigment contributions 

Group specific phytoplankton marker pigments such as Chl b (chlorophytes), Fuco (diatom), Zea 

(cyanobacteria), Allo (cryptophytes), Peri (dinoflagellates), Pras (prasinoxanthin) and 19’ Hexa 

(prymesiophytes) showed distinct seasonal and depth variations (among the surface, NBW and 

sediment) in the contributions.  However, the percentage contribution varied between the water 
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column depth and sediment.  Among the PMP’s, Fuco, Chl b and Zea were dominant marker 

pigments in both water column and sediment.  In water column, Fuco (Avg.  31.9 to 69.2 %) was the 

dominant marker pigment followed by the Chl b (Avg.  10.4 to 34.4 %) and Zea (Avg.  4.3 to 19.9 

%) whereas in sediment Chl b (Avg.  30 to 38.1 %) contribution was higher followed by Zea (Avg.  

24.2 to 30.2 %) and Fuco (Avg.  14 to 27 %). Fuco contributions in the surface water ranged between 

the 18.3 to 70.7 % with the maximum contributions during SWM (52.3 ± 7.9 %) and SIM (43.8 ± 

10.2 %) compared to FIM (40.3 ± 13.5 %) and NEM (31.9 ± 9.7 %) whereas in NBW, Fuco 

contributions ranged between  21.9 to 80.1 % with the higher contribution during spring (61.7 ± 4.1 

%) and fall (69.2 ± 10.2 %) inter-monsoons compared to SWM (55.3 ± 7.8 %) and NEM (37.6 ± 

15.2 %).  In sediment, Fuco contributions ranged between 6.9 to 46.1 % with maximum contribution 

during SWM (27 ± 9.4 %) and NEM (17.7 ± 4.5 %) compared to SIM (16.2 ± 6.1 %) and FIM (14 ± 

4.3 %).  Next to Fuco, Chl b was the most dominant pigment in the water column whereas in 

sediment, Chl b was the dominant PMP.  In water column, Chl b ranged between 2.9 to 49.3 % with 

the maximum contribution during NEM (2.9 to 49.3 %) and SWM (12.8 to 35.4 %) compared to 

SIM (10.6 to 32.6 %) and FIM (5 to 27.2 %) whereas in sediment Chl b ranged between 13.6 to 62.9 

% with the higher contributions during FIM (27.1 to 47.4 %) and SIM (19.3 to 62.9 %) compared to 

NEM (13.6 to 58.7 %) and SWM (20.8 to 41.4 %).  The contribution of Zea, the third highest 

contributor, in the water column ranged between 0 to 38.9 % with the maximum contributions during 

NEM (2.8 to 38.9 %) and FIM (0 to 38.4 %) compared to SWM (4.3 to 15.7 %) and SIM (3.5 to 18.9 

%) whereas in sediment it ranged between 14.1 to 41.3 % with higher contribution during NEM 

(18.3 to 40.5 %) and SIM (17.6 to 41.3 %) compared to SWM (15.8 to 35.9 %) and FIM (14.1 to 

35.7 %).  The contribution of other PMP were minimal and notable but not similar between water 

column and sediment.  For instance, Peri and Allo contributions were higher in the sediment (Avg. 

Peri; 5.7 to 9.5 % and Allo; 7.8 to 16.6 %) compared to water column (Avg. Peri; 0.8 to 7.7 % and 

Allo; 2.4 to 6.2 %).  In the water column Allo contribution was maximum during SIM (2.8 to 11.6 

%) and SWM (2.2 to 12.8 %) and minimum during NEM (0 to 9.2 %) and FIM (1.1 to 8.2 %) 

whereas in sediment it was maximum during SWM (7.1 to 24.0 %) and FIM (8.2 to 22.5 %) 

compared to SIM (3.3 to 23 %) and NEM (0 to 12.6 %).  In the case of Peri, contribution was higher 

during SIM (0 to 17.1 %) and FIM (0 to 12 %) compared to SWM (0 to 8.3 %) and NEM (0 to 10.3 

%) in the water column whereas in sediment it ranged between 2.9 to 15 % with maximum 

contribution during NEM (2.9 to 15 %) and SIM (3.5 to 12.4 %).  While 19 hexa (Avg.  1.2 to 6.4 %) 

and Pras (Avg.  2.8 to 5.5 %) were the least contributor and were detected only in water column. 

Their maximum contributions was observed during NEM and FIM (only Pras). Two way ANOVA of 

PMP revealed significant (p<0.01) variations between the sampling seasons (except for Peri and 
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Pras) and verticals (i.e., among the surface water, NBW and sediment) but the variation was 

insignificant (p >0.05) between the sampling stations and two hourly sampling (i.e. no tidal effect).  

Chlorophyll a and Pheopigment ratios 

In this study, chl a:total phoepigments (TPhe) and Pheophorbide:pheophytin ratios were considered 

as the former and latter indicates the micro-algal status and nature of the degradation pathway 

respectively.  Chl a: TPhe ratio was high in the water column (average 3.95 to 9.17) compared to 

sediment (0.11 to 0.17) (Fig. 5).   In surface water, the maximum of the average was observed during 

SIM (9.17 ± 3.57) followed by SWM (9.00 ± 3.59) and FIM (8.46 ± 3.76).  The lowest value was 

observed during NEM (5.59 ± 5.02).  Whereas in NBW, the maximum Chl a:TPhe ratio (6.28 ± 

2.75) was observed during NEM while the minimum (3.95± 2.26) was observed during SWM (Fig. 

6).  Chl a: TPhe ratio from the surface sediments were observed < 0.17 round the year.  ANOVA 

results indicate there was no significant (p >0.05) seasonal or spatial variation in the Chl a: TPheo 

ratio from the water column as well as from the sediment.  Pheid: Phe ratios were also high in the 

water column (average 0.67 to 1.39) compared to surface sediment (0.40 to 0.76) (Fig. 7).  Box and 

whiskers plot (Fig. 7) indicating the higher Pheid:phe median values observed in the NBW (0.89 to 

1.17) compared to surface water (0.55 to 0.72) except during NEM season (surface water- 1.04; 

NBW- 0.62).  Whereas in sediment median values are much lower, (0.24 to 0.39) compared to water 

column depths.  Variation between the quartiles were higher in the NBW compared to surface water 

during all the seasons while in sediment large variations observed only during SWM.  Statistical 

outliers observed in the surface water (during SWM, NEM and SIM) and sediment (FIM, NEM and 

SIM) due to some stations with higher Pheid: Phe ratios. In surface water, Pheid: Phe ratio was high 

during NEM (1.39 ± 1.33) followed by SIM (1 ± 1.02), SWM (0.99 ± 0.78) and FIM (0.71 ± 0.45), 

while in NBW highest Pheid: Phe ratios were observed during SIM (1.24 ± 0.5) and SWM (1.19 ± 

0.66) compared to FIM (0.88 ± 0.35) and NEM (0.67 ± 0.46).  Pheid: Phe ratio in the surface 

sediment showed the maximum (0.76 ± 0.59) during SWM and the minimum (0.40± 0.44) during 

NEM (Fig. 7).  ANOVA results suggested that there was no significant (p >0.05) spatial and 

temporal (seasonal and two hourly) variations in Pheid: Phe ratio between the stations or seasons. 

Relationship between environmental parameters and PMP contribution 

Redundancy analysis was performed to understand the relationship between environmental variables 

and group specific PMP’s contributions (Fig. 8).  Temperature, salinity, PO4, NO2 are the major 

variables significantly influencing the PMP's from the water column and sediment.  In surface water 

biplot, axis 1 and 2 explained 69.1 and 91.8 % variance associated with the marker pigments and 
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environmental variables, respectively.  Fuco positioning with the temperature and low salinity, SiO4 

and NO3 suggested that the warmer and low salinity conditions favoured diatoms during inter-

monsoons (fall and spring) and SWM by utilizing SiO4 and NO3.  Chl b and 19’ Hexa positioned 

with the high salinity and low temperature conditions suggesting the cooler temperature, and high 

salinity during NEM favoured chlorophytes and prymnesiophytes.  Peri and Allo positioned with the 

high temperature, Chl a, NO2 suggesting that these conditions during inter-monsoons coincided with 

the higher dinoflagellates and cryptophytes.  Zea and Pras was positioned with the high NO3, SiO4 

and low PO4 and NH3 values and is mainly due to the increased contributions of cyanobacteria and 

prasinophytes during FIM and NEM.  

In NBW biplot, axis 1 and 2 explained 94.4 and 97.4 % variance associates with the marker pigments 

and environmental variables, respectively.  Relationship with the PMP contributions and 

environmental variables in NBW is different compared to the surface water (except for Fuco).  Like 

surface water, Fuco positioned with the high temperature and Chl a concentrations suggesting that 

the warmer conditions during inter-monsoons favoured phytoplankton biomass, particularly 

diatoms..  On the other hand high PO4, NO2 and NO3 and low SiO4 concentrations favoured the next 

dominant pigment Chl b during NEM and SWM.  While the third dominant pigment Zea and the 

least contributed pigment Pras dominance during NEM coincided with high PO4, NH3 and DO 

values and lower temperature and Chl.  Positioning of Peri with high SiO4 and low PO4, NO2 and 

NO3 concentrations suggesting their role in favouring dinoflagellates during FIM and NEM while the 

19 hexa and Allo showed the insignificant relationship with the environmental variables in NBW.   

In sediment biplot, axis 1 and 2 explained 57.3 and 84.7 % variance associates with the 

marker pigments and environmental variables, respectively.  Relationship trend between sediment 

PMP contributions and environmental variables is different compared to surface water and NBW.  

The contribution of the most dominant PMP Chl b was positioned with the high salinity and SiO4 

and lower NH3 and DO values indicated their influence on the chlorophytes dominance during inter-

monsoons (fall and spring).  The increase in Fuco contribution during SWM and NEM seasons could 

be due the prevalence of high DO, Chl a, NH3 values and lower salinity, Chl a, SiO4, and NO2 

concentrations..  The notable contribution of Allo was coincided with the high temperature and low 

PO4, DO and Chl a suggesting their role in favouring cryptophytes during SWM and FIM.  The Zea 

and Peri contributions positioned with the environmental settings (high salinity, Chl a, NO2 and PO4 

values and low temperature) coincided with higher cyanobacteria and dinoflagellates during NEM 

and SIM.   
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Discussion 

The present study elucidates the usefulness of phytoplankton marker pigments (such as chlorophylls, 

carotenoids, and pheopigments) to understand the benthic-pelagic coupling from the Paradip port 

ecosystem.  The measured environmental variables showed a distinct seasonal variation, and this was 

also reflected in the distribution of phytoplankton biomass and group specific marker pigments (Fig. 

2, 3 and 8).  For instance, (i) water temperature followed the classic radiation pattern and so with the 

phytoplankton community (Fig. 8; Sarma et al. 2013) i.e. flagellates dominated in cooler and diatoms 

in warmer during NEM and FIM, respectively, (ii) seasonal freshening of surface water (during 

SWM) coincided with low biomass, (iii) seasonal influx of high inorganic nutrients (Sundaray et al. 

2006) coincided with high phytoplankton biomass.   The nutrient concentrations were not depleted in 

the study area throughout the year (except phosphate during FIM; Figs. 3 and 8). Generally, low 

water movement and current effects from the inner port area of Ceuta port (North Africa) and Tolo 

Harbour (Hong Kong) explain that the port structure negatively influences the benthic community 

(Guerra-García and García-Góme 2003) and induced algal blooms (Wong and wong 2004), 

respectively. Paradip port, which is considered as a semi-enclosed body, also supports this 

assumption of relatively higher nutrient concentrations and restricted circulations.  Though Paradip 

port handles large volume of cargo, the influence of anthropogenic activities on the ecosystem 

(particularly on nutrient concentrations and phytoplankton biomass) is much less compared to some 

of the major ports along the Indian coasts. For instance, the nutrient concentrations and 

phytoplankton (biomass and composition) are much less than the other major ports along the Indian 

coasts (Sathish et al. 2020).  Further, the statistically no significance between the stations also 

signifies nearly homogenous (except at few instances during inter monsoons) phytoplankton pigment 

distribution during the study period (Fig. 4).   Nevertheless, these findings on spatio-temporal 

variations agree (only distribution trends) with previous studies conducted during 2011-12 

(Mohapatra and Panda, 2017).  

Previous microscopic studies from Paradip port (Mohapatra and Panda, 2017) as well as from 

the east coast of India (Goudaand Panigrahy 1989; Goudaand Panigrahy 1996; Madhupratap et al. 

2003; Panigrahy et al. 2006; Paul et al. 2008; Naik et al. 2008; Chakraborty et al. 2011; Baliarsingh 

et al. 2012) suggest that diatom and dinoflagellates are the dominant phytoplankton groups from the 

water column.  However, the information on the smaller or other taxonomic groups of phytoplankton 

is lacking. In our study, the distribution and dynamics of sedimentary pigments did not match the 

dynamics of phytoplankton pigments in surface water and NBW. PMP observed from the sediment 

could be the recent settlement of phytoplankton due to the high sedimentation and resuspension 
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(Ananth and Sundar, 1990).  The chlorophyll a distribution indicates that the Paradip port waters are 

more productive during inter-monsoons (fall and spring) compared to the monsoons (southwest and 

northeast), but pigment markers from the surface sediment exhibit the reverse trend i.e. high and low 

during monsoons and inter-monsoons respectively (Fig. 3).  This could be due to the termination 

followed by sedimentation of water column phytoplankton chlorophyll a to the sediment towards the 

end of inter-monsoons.   

However, the contribution of the major phytoplankton marker pigments was different 

between the surface and near bottom waters as well as between those and sediments (Table 1 and 

Figs. 5).  The high concentrations of Fuco, chl b and Zea in the water column indicates the 

dominance of diatom, chlorophytes and cyanobacteria (Jeffrey and Vesk 1997).  Diatom was the 

dominant group during warmer seasons, except during NEM (i.e. winter) season.  Higher diatom 

contribution observed in the NBW compare to the surface water (Fig 5) was likely attributable to 

their ability to adapt in low light conditions (Lionard et al., 2005). Additionally, relatively higher 

Pheid:phe ratio also suggests the prevalence of herbivory over the degradation due to senescence in 

the NBW compared tosurface water (except during NEM).  Apart from the diatom, chlorophytes 

followed by cyanobacteria are other dominant group with the higher contribution during NEM.  

These groups, which proliferated under relatively saline and high concentrations of macronutrients 

(PO4, NO3 and SiO4), showed a significant depth wise (between surface and NBW stations) and 

seasonal variations.  PMP’s such as Pras, Per, and 19 Hexa, which indicates the presence of 

prasinophytes, dinoflagellates, and prymnesiophytes respectively (Jeffrey and Vesk 1997), were the 

least contributors (Table 1 and Fig. 5) and also showed a significant difference between surface and 

NBW.   Since, in all seasons, the water column is well-mixed as evidenced from the same water 

temperature, salinity, and DO between the surface and bottom waters, the light availability and the 

biological activity (as evidenced from BOD data and pheophorbide: pheophytin ratio) could 

influence the variability in PMP relative contribution, chl a and its degradation between surface and 

bottom water.   In surface sediment, higher contributions of Chl b, Zea, Fuco and Allo indicated the 

dominance of chlorophytes, cyanobacteria, diatom and cryptophytes, respectively.  Chl b and Zea 

were major contributors followed by Fuco and Allo.  Fuco,  Pras and 19 Hexa contributions 

decreased compared to the water column, whereas the Zea, Allo, Chl b and peridinin concentrations 

increased markedly.  Higher Zea and Allo concentrations during monsoons (SWM and NEM) 

coincided with the higher sediment chlorophyll a concentration.  The variations in pigment 

concentrations indicates increase in the relative contributions of chlorophytes, cyanobacteria, 

cryptophytes and dinoflagellates as well as a decrease in the diatom. Marker pigments representing 
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prymnesiophytes, and prasinophytes are negligible and it could be existed in the below the detection 

limits (Table 1; Figs. 4 and 5).   The relative contribution PMP for phytoplankton groups indicates 

that the organic matter in the sediment was majorly from the chlorophytes followed by 

cyanobacteria, diatoms, cryptophytes and dinoflagellates (Fig. 5).   

The diatom dominance in the water column was not reflected in the sediment, and the 

possible reasons are delineated in this study. Some recent studies suggested that the nano and 

picophytoplankton might be crucial in fueling organic matters to the benthic community (Chen et al. 

2016). The dominance of chlorophytes (chl b) in the sediment can be explained by the following (i) 

selective grazing by zooplankton on diatom and other groups decreases the percentage contribution 

(ii) much of the settled diatom could be grazed by benthic invertebrates (iii) marker pigments of 

diatom  are least stable than marker pigments of chlorophytes and cyanobacteria.  Bianchi et al. 

(2000) observed comparable decay constant (0.04-0.07 day-1) for both Chl a and Fuco in laboratory 

sediment microcosms. Meanwhile Schüller et al. (2015) reported the decay rate constant k of 

phytoplankton pigments in sediment cores from New Zealand fjords, which suggested that Allo, Zea 

and Chl b were less degradable than Chl a: k (y-1)= -0.004 for Chl a, -0.001 for Chl b, -0.0002 for 

Zea, +0.0001 for Allo, where negative and positive value means pigments decay and accumulate 

within the core, respectively.  Previous studies have pointed out that chl b, leutin, Zea and allo are 

more chemically stable than Fuco, which attributed to the presence of 5,6 epoxides in Fuco (Repeta 

and Gagosian 1987). This would also be consistent with the result that the contribution by Fuco was 

lower and the contribution by Zea was higher in the sediments, compared to those in the water 

column. In spite of the smaller Allo contributions in the water column, elevated levels in the 

sediment could be due to the higher stability of Allo than others as suggested by Schüller et al. 

(2015).  Additionally, several studies also reported the influence of microphytobenthos on the 

phytoplankton group contributions from the shallow coastal benthic ecosystems (Macintyre et al. 

1996; Hardison et al. 2013; Semcheski et al. 2016). In this study, even though Paradip port is a 

shallow coastal water (depth 6.3 to 21.1m; Fig. 4), microphytobenthos may not influence the 

outcome of this study significantly as the biomass distribution showed distinct variations with 

respect to the season as well as between water and also the contribution of active microalgae in 

sediment is negligible compared to overlying waters as evidenced by substantially low chl a to total 

pheopigment ratios (Fig. 6).   Phytoplankton in aquatic ecosystems undergoes several losses 

(mortality) processes (e.g., grazing, sedimentation, cell senescence, and viral lysis), and therefore, it 

is important to determine the fate of phytoplankton from the sediment and overlying water column.  

In such cases, PMP and chlorophyll degraded pigments (such as pheopigments) can be used to 
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understand the chlorophyll breakdown (ChlB) pathway, which will lead to a better understanding of 

the benthic-pelagic coupling from the given ecosystem.  To the best of our knowledge, more in-depth 

information on chl a breakdown is available for leaf senescence in land plants compared to algae 

(Scheer, 2012).  In the ChlB pathway, pheophorbide formation is an important step, formed either 

via chlorophyllide or pheophytin.  Some studies reported that the initial ChlB-pathway induced by 

grazing and senescence are not the same, i.e., chlorophyll-chlorophyllide-pheophorbide (CCP) and 

chlorophyll-pheophytin-pheophorbide (CPP) in the former and latter case, respectively (Satoh and 

Hama 2013; Hu et al. 2013; Sathish et al. 2020).  Dephytylation of chl a by chlorophyllase activity 

during cell senescence was widely accepted as the only pathway until the discovery of (i) the role of 

pheophytinase, a chloroplast-located enzyme, and (ii) the involvement of chlorophyllase activity in 

the conversion of chlorophyll into chlorophyllide when leaf cells are disrupted (e.g., during 

grazing/chewing) or when chlorophyllase is genetically mislocalized to chloroplasts. In 

phytoplankton, the enzymatic activities involved in chlorophyll breakdown varied significantly 

among the species and were confirmed through grazing studies.  For instance, (i) ChlB-pathway 

under grazing-pressure is species-specific and the grazer’s feeding habits (i.e., selective grazing) and, 

(ii)under grazing-pressure the pheophorbide concentration were higher and also the maximum 

pheophorbide:pheophytin ratio was observed in diatoms or diatom dominated mixed assemblage (>1 

to 40) than other tested autotrophic flagellates (0.1to <1) suggesting a potential proxy for 

determining nature of breakdown pathway.   In such cases, pheophorbide to pheophytin (Pheid: Phe) 

ratios can be used to determine the dominant chlorophyll breakdown pathway and the fate of 

phytoplankton in the given ecosystem.  In this study, pool of chlorophyll degraded pigments is 

mainly derived from the pheophytin and pheophorbide, which can be attributed to the presence of 

CCP or CPP pathway, even with the absence of chlorophyllide. 

Degradation rates vary abundantly among the marker pigments (Leavitt and Hodgson 2001, 

Schüller et al. 2015) and between the different habitats (Hurley and Armstrong 1990).  Pigment 

degradation in the water column is rapid compared to the sediment (Leavitt and Hodgson 2001, and 

references therein).  In different habitats (i.e., fresh and marine water), pigments degradation mainly 

depend on the photo oxidation, selective grazing, senescence, sinking rate (different species of living 

and dead cells) and microbial decay, cell lysis, and enzymatic metabolism during senescence (Louda 

et al. 1998; Reuss and Conley 2005; Fietz et al. 2005 and reference within). Subsequently, 

phytoplankton chlorophyll (cells and detritus matters) settled on the surface sediment, degrade more 

rapidly (Bianchi et al. 2000), and less rapidly (Hurley and Armstrong 1990; Yacobi et al. 1991) 

during oxic and anoxic conditions, respectively  depending on the life strategies of phytoplankton, 
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burrowing invertebrates, and the physical condition of water (Leavitt and Carpenter 1989; Yacobi 

and Ostrovsky 2012).  Oxic conditions (4.0 to 4.9 µg l-1) in NBW and increasing Chlorophyll 

degradation products from the surface sediment obtained in the present study support this statement.  

Also, the degradation of carotenoids highly depends on the chemical structure, the number of oxygen 

atoms, and the presence of 5,6-epoxy groups (Schüller et al. 2015, and references within). Perhaps, 

the decay constant (Ka) of Chlorophyllide a (−0.007 ± -0.007 year−1) is lower than that of chlorophyll 

a (-0.004 ± -0.003 year−1), pheophorbide a (-0.003 ± -0.001 year−1) and pheophytin a (-0. 003 ± -

0.003 year−1; Schüller et al. 2015) i.e., it would be transformed faster than other degradation 

products, so only Chlorophyllide a was not detected in our samples.  Hence chlorophyll and 

pheopigments ratios can be a good indicator to understand the fate of phytoplankton.  

The present study indicates that the Pheid: Phe ratio did not exhibit significant variations 

between the seasons and stations, but the variations between the water column and sediments were 

apparent.  Additionally, the station data were averaged and presented in this study considering 

enclosed port systems and well-mixed water columns.  Low and high Pheid: Phe ratios (average) in 

the sediment (0.40 to 0.76) and water column (0.67 to 1.39) suggested that the contribution by CCP 

is smaller (or CPP is larger) to Pheid in sediments than that in water-columns.  Meanwhile, the ratios 

indicate active cell destruction via grazing in the water column compared to sediment, which could 

be the reason for the lower contribution of diatom (fuco) and cryptophytes (allo) from the sediment 

(Fig. 7) when assuming that zooplankton feed selectively on them.  Chlorophyll : TPhe (total 

pheopigments), an indicator of the freshness of organic matter deposited in the benthos (Morata et al. 

2011) or actively growing community (Grippo et al. 2009; Allison et al. 2013), did not reveal any 

significant difference between the season.  Higher Chlorophyll: TPhe values in the surface water and 

NBW (3.95 to 9.17) compared to surface sediment (0.11 to 0.17), indicating the presence of actively 

growing microalgal community in the water column and the organic matters in the sediment was not 

fresh (Fig. 6).  In a parallel investigation, multivariate index of trophic state (TRIX) indicated good 

water quality in near-bottom water and high organic carbon load in the sediment might resulted in 

the stressed environment (Noyel and Desai 2020). Taking these into consideration, it is assumed that 

(i) much of the phytoplankton (mostly diatoms) is lost due to herbivory before reaching bottom 

sediments, and (ii) given low Pheid: Phe ratios in sediment samples, the effect of benthic grazing on 

PMPs will not be significant and PMP decay constants will determine pigment contribution.  

Generally, in shallow systems, the autochthonous and allochthonous supply do contribute to the pool 

of degraded pigments.  Therefore the additional knowledge on the degree of suspended organic 

matter degradation and terrestrial material contribution would have strengthened the findings.  Since 
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Paradip port is a sea port the magnitude of salinity variation in the port (even during peak monsoon) 

is very less compared to other estuarine ports eg. Cochin port (5.3 to 22.6; Satish et al. 2020) or 

Marmugao port (3.8 to 36.2) where salinity variations is large.  This is because the Mahanadi estuary 

is located north of the port and therefore the influence of river water entering the port will be 

minimal. Considering the minimal riverine flux (as evidenced from salinity data), and the presence of 

the (i) lowest pheopigment concentration compared to estuarine and other seaports (up to 6.07 mg m-

3; Sathish et al. 2020), (ii) active growing phytoplankton as evidence from high chlorophyll: 

pheopigment ratios and (iii) the distinct seasonality in chlorophyll distribution (with lowest (<1 mg 

m-3) and highest (1.5-2.5 mg m-3) during monsoon and inter-monsoon, respectively) it is assumed 

that the phytoplankton marker pigments in this study are mostly of autochthonous origin.  These 

findings suggest that the knowledge on phytoplankton marker pigments combined with the 

chlorophyll degradation products from the benthic and pelagic environment will better understand 

the benthic-pelagic coupling, which will be helpful in ecosystem assessment and algal bloom 

research. 

Conclusion 

This study concludes that the distribution of chlorophyll and PMP (for different groups and 

degradation) from Paradip port revealed a distinct seasonality. Still, the seasonal trends between 

water and sediment are not the same.  Pheophorbide to pheophytin ratio indicated that the 

contribution by CCP is smaller (or CPP is larger) to Pheid in sediments than that in water-columns 

when a lower ratio is found in sediments than water samples.  The contribution of actively growing 

microalgae was high in the water column but negligible in sediment, suggesting organic input was 

not fresh.  It is assumed that (i) much of phytoplankton is lost due to herbivory in the water column 

before reaching bottom sediments, and (ii) PMP decay constants determine pigment contribution. 

Documenting the phytoplankton (biomass and composition), chlorophyll breakdown products, and 

key environmental variables will be helpful in ecosystem assessment and algal bloom research.  
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Figure legends 

 

Figure 1. Location of the study region and the sampling stations. 1. Boat basin, 2. Area adjacent to 

fertilizer berth, 3. Fertilizer berth II, 4. North Quay II, 5. Central Quay III, 6. Central Quay I, 7. 

Turning circle, 8. East Quay II, 9. North Quay I, 10. Coal berth I, 11. Coal berth II, and 12. Stone 

pitching side. Star symbol indicates location of time series station. 

 

Figure 2. Seasonal variations in the measured environmental variables from the surface and near 

bottom (NBW) waters.  SWM – southwest monsoon, NEM - northeast monsoon, FIM – fall inter-

monsoon, SIM – spring inter-monsoon. Bars represent mean value for the 12 stations and the error 

bars indicate standard deviations from 12 stations. 

 

Figure 3. Seasonal variations in the nutrient concentrations from the surface and near bottom (NBW) 

waters.  SWM – southwest monsoon, NEM - northeast monsoon, FIM – fall inter-monsoon, SIM – 

spring inter-monsoon. Bars represent mean value for the 12 stations and the error bars indicate 

standard deviations reflecting the differences among stations. 

 

Figure 4. Spatial and seasonal variations in the concentrations of phytoplankton marker pigments 

from the overlying waters (surface and near bottom - NBW) and sediments.  SWM – southwest 

monsoon, NEM - northeast monsoon, FIM – fall inter-monsoon, SIM – spring inter-monsoon. 

 

Figure 5. Bar graphs showing the spatial and seasonal variations in the contribution (%) of 

phytoplankton marker pigments for the overlying waters (surface and near bottom - NBW) and 

sediments.   SWM – southwest monsoon, NEM - northeast monsoon, FIM – fall inter-monsoon, SIM 

– spring inter-monsoon. 

 

Figure 6. Seasonal variations in the chlorophyll a to total pheopigment ratios from the surface and 

near bottom waters.  SWM – southwest monsoon, NEM - northeast monsoon, FIM – fall inter-

monsoon, SIM – spring inter-monsoon. Bars represent mean value for the 12 stations and the error 

bars indicate standard deviations reflecting the differences among stations. 

 

Figure 7. Seasonal variations in the pheophorbide to pheophytin ratios from the surface and near 

bottom waters.  Bar plot represent (a) station wise data and (b) mean value for the 12 stations and the 

error bars indicate standard deviations reflecting the differences among stations for each season.  

SWM – southwest monsoon, NEM - northeast monsoon, FIM – fall inter-monsoon, SIM – spring 

inter-monsoon. Bars represent the mean value for the 12 stations and the error bars indicate standard 

deviations reflecting the differences among stations. * Numbers in the parenthesis represent values 

for outliers. 

 

Figure 8.  Redundancy analysis biplot to understand the relationship between the measured 

environmental variables and relative contribution of phytoplankton marker pigments (–Fuco – 

Fucoxanthin; chl b – chlorophyll b, zea – zeaxanthin, allo – alloxanthin, peri – peridinin, pras – 

prasinoxanthin, 19 hex – 19’ hexafucoxanthin) for (a) surface water, (b) near-bottom water and (c) 

surface sediments.  In case of sediments, environmental variables corresponding to near bottom 

waters were used. 
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Table 1.  Seasonal variations in the concentrations of chlorophylls, carotenoids and pheopigments from the surface water, near bottom water 

(NBW) and surface sediments.  Chl values from water (surface and NBW) and sediments are in L-1 and g-1 dry weight, respectively.  

Note SWM – southwest monsoon; NEM –northeast monsoon;   FIM – fall inter-monsoon; SIM – inter-monsoon; PSC – 

photsynthetic carotenoids and PPC – photoprotective carotenoids. 

 

Surface NBW Sediment Surface NBW Sediment Surface NBW Sediment Surface NBW Sediment

chlorophyll

Chl a (µg) 0.38 (0.20-0.69) 0.42 (0.25-0.65) 0.08 (0.03-0.15) 1.42 (0.72-2.57) 1.13 (0.67-3.08) 0.03 (0.01-0.05) 0.56 (0.32-1.04) 0.56 (0.12-1.63) 0.15 (0.02-0.24) 2.54 (1.08-8.8) 1.10 (0.77-1.86) 0.07 (0.03-0.11)

Chl b (µg) 0.03 (0.01-0.07) 0.05 (0.02-0.12) 0.07 (0.05-0.11) 0.18 (0.04-0.34) 0.05 (0.01-0.16) 0.04 (0.03-0.06) 0.08 (0.03-0.20) 0.08 (0.01-0.15) 0.15 (0.03-0.23) 0.26 (0.09-0.91) 0.10 (0.05-0.14) 0.10 (0.03-0.19)

Chl c  (ng) 3.1 (0.7-8.4) 7.6 (2.7-14.3) 0 22.4 (11.2-42.9) 48.2 (10.6-263) 0 16.5 (2.1-39.3) 20.9 (8.5-33.9) 0 79.4 (0.0-740.8) 25.7 (11.9-55.7) 0

carotenoids

PSC

19BUT (ng) 2.6 (0-5.2) 10.9 (0-23.1) 0 27.0 (0-94.2) 7.2 (0-18.9) 0 0.6 (0-7.2) 1.8 (0-6.0) 0 18.2 (0.0-77.1) 7.0 (0.0-17.7) 0

Fuc (µg) 0.07 (0.05-0.12) 0.13 (0.07-0.19) 0.07 (0.02-0.13) 0.29 (0.17-0.46) 0.37 (0.08-1.25) 0.02 (0.01-0.02) 0.07 (0.03-0.12) 0.13 (0.05-0.54) 0.08 (0.01-0.13) 0.60 (0.19-3.19) 0.34 (0.24-0.58) 0.05 (0.01-0.09)

19Hexa (ng) 1.6 (0-5.8) 12.3 (0-40.5) 0 18.2 (0-46.8) 15.4 (0-38.4) 0 14.9 (0-44.7) 15.3 (0-78.1) 0 38.6 (0.0-208) 15.6 (0.0-38.3) 0

Per (ng) 4.7 (0-13.9) 6.2 (0-13.1) 17.8 (7.7-52.6) 49.6 (25.5-91.8) 20.4 (0-39.5) 6.2 (3.6-8.3) 2.3 (0-8.9) 8.7 (0-28.0) 44.0 (4.1-74.8) 68.9 (4.9-174) 14.5 (0.0-30.2) 19.4 (4.2-31.4)

PPC

Allo (µg) 0.01 (0.00-0.02) 0.01 (0-0.02) 0.03 (0.01-0.20) 0.04 (0.01-0.1) 0.01 (0.00-0.02) 0.02 (0.01-0.03) 0.01 (0.00-0.02) 0.01 (0-0.02) 0.03 (0-0.08) 0.07 (0.03-0.19) 0.03 (0.02-0.07) 0.03 (0.01-0.11)

B-car (ng) 5.7 (1.4-18.3) 5.3 (2.0-9.9) 0 23.5 (4-49.4) 11.6 (2.0-32.5) 0 16.5 (10.4-29.3) 12.2 (0-25.3) 0 61 (20-185) 19.1 (8.8-58.2) 0

Diad (ng) 7.7 (4.5-17.2) 17.0 (5.6-28.3) 19.9 (5.3-63.1) 42.4 (0-108.1) 45.1 (13.3-159) 5.8 (2.3-9.2) 13.6 (3.9-24.3) 12.1 (4.5-33.0) 20.0 (2.9-37.1) 85.3 (32.1-362) 30.9 (19.8-48.5) 12.6 (0.0-20.9)

Diat (ng) 1.7 (0-2.9) 8.9 (0-20.4) 50.6 (16.2-143) 15.2 (0-28.5) 5.5 (2.0-14.2) 23.8 (15.6-35.6) 6.5 (1.7-14.9) 5.0 (0-18.4) 105 (14.1-208) 28.9 (8.5-114) 10.0 (5.7-16.2) 54.5 (14.3-130.3)

Lut (ng) 4.0 (2.3-8.3) 11.3 (4.9-27.3) 96.5 (0-402.6) 39.4 (10.6-91.5) 8.1 (2.5-15.5) 47.5 (23.1-65.6) 17.8 (2.4-49.7) 19.4 (5.2-37.5) 151 (26.2-244) 29.4 (13.0-72.3) 12.6 (0.0-18.7) 151.3 (34.1-442.1)

Viola (ng) 3.0 (0.0-5.1) 19.6 (3.7-41.3) 4.7 (0-12.8) 28.2 (9.1-51.8) 14.9 (0-25.6) 3.4 (0-5.7) 10.7 (0-20.1) 14.5 (0-37.6) 7.9 (0.0-13.7) 43.8 (15.1-185) 28.3 (18.9-47.4) 9.3 (0.0-55.9)

Zea (µg) 0.02 (0.01-0.04) 0.02 (0.01-0.04) 0.06 (0.03-0.12) 0.18 (0.03-0.43) 0.04 (0.01-0.08) 0.03 (0.01-0.04) 0.04 (0.02-0.10) 0.05 (0.02-0.10) 0.14 (0.03-0.28) 0.12 (0.04-0.28) 0.05 (0.02-0.10) 0.08 (0.02-0.20)

Neo (ng) 3.7 (0-8.7) 19.7 (6.8-40.2) 10.1 (2.6-24.1) 37.5 (8.3-86.3) 5.9 (0-13.9) 5.7 (2.1-11.5) 9.7 (0-26.6) 9.1 (0-28.6) 17.2 (4.1-26.8) 67.5 (12.8-341) 25.3 (8.9-52.7) 15.2 (4.9-42.9)

Pras (ng) 4.1 (2.0-8.7) 10.3 (0-23.2) 0 42.7 (20.3-99.7) 15.6 (0-30) 0 12.9 (0-30.2) 12.4 (0-23.7) 0 62.2 (17.1-310) 16.7 (10.0-24.6) 0

Deg product

Pheo a  (µg) 0.02 (0.01-0.04) 0.049 (0-0.07) 0.51 (0.13-0.99) 0.11 (0.04-0.18) 0.11 (0.09-0.19) 0.15 (0.06-0.21) 0.06 (0.03-0.1) 0.05 (0-0.09) 1.26 (0.30-4) 0.14 (0.06-0.22) 0.11 (0.06-0.21) 0.57 (0.15-1.92)

Pheide a  (µg) 0.02 (0.01-0.09) 0.078 (0-0.15) 0.32 (0.05-0.8) 0.07 (0.000-0.12) 0.11 (0.03-0.26) 0.06 (0.04-0.07) 0.08 (0-0.20) 0.04 (0-0.11) 0.27 (0.05-0.56) 0.14 (0.05-0.67) 0.13 (0.06-0.24) 0.15 (0.04-0.25)

Pigments

Average and range of pigment concentrations

SWM FIM NEM SIM

 


