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Abstract 

Understanding phytoplankton community shifts under multiple stressors is becoming increasingly 

important. Among other combinations of stressors, the impact of trace metal toxicity on marine 

phytoplankton under the ocean acidification scenario is an important aspect to address. Such multiple 

stressor studies are rare from the Arabian Sea, one of the highest productive oceanic provinces within 

the North Indian Ocean. We studied the interactive impacts of copper (Cu) and CO2 enrichment on 

two natural phytoplankton communities from the eastern and central Arabian Sea. Low dissolved 

silicate (DSi < 2 µM) favoured smaller diatoms (e. g Nitzschia sp.) and non-diatom (Phaeocystis). 

CO2 enrichment caused both positive (Nitzschia sp. and Phaeocystis sp.) and negative (Cylindrotheca 

closterium, Navicula sp., Pseudo-nitzschia sp., Alexandrium sp., and Gymnodinium sp.) growth 

impacts.  The addition of Cu under the ambient CO2 level (A-CO2) hindered cell division in most of 

the species, whereas, Chla contents were nearly unaffected. Interestingly, CO2 enrichment seemed to 

alleviate Cu toxicity in some species (Nitzschia sp., Cylindrotheca closterium, Guinardia flaccida, 

and Phaeocystis) and increased their growth rates. This could be related to the cellular Cu demand 

and energy budget at elevated CO2 levels. Dinoflagellates were more sensitive to Cu supply 

compared to diatoms and prymnesiophytes and could be related to the unavailability of prey. Such 

community shifts in response to the projected ocean acidification, oligotrophy, and Cu pollution may 

impact trophic transfer and carbon cycling in this region. 

Keywords: Arabian Sea; Copper;  Toxicity; Phytoplankton; Ocean acidification; Pennate diatom; 

Phaeocystis.  
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1.Introduction 

Trace metals like iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), cadmium (Cd) act as a cofactor 

for several metalloenzymes (Twining et al. 2013) that are involved in important biochemical 

processes. These trace elemental cycles and marine phytoplankton seemed to have co-evolved in the 

oceans (Morel 2008). Substantial uptake of these metals by marine phytoplankton was evident in 

many studies (Sunda 2012; Mellett et al. 2018). Among other trace metals, Cu is highly reactive and 

usually available in multiple oxidation states which controls its solubility, binding strength with 

ligands, and biological availability (Sunda 2012). Cu limitation may severely impact some of the key 

cellular biochemical processes in marine diatoms (Kong and Price 2020). However, at higher levels, 

Cu can be highly toxic for marine phytoplankton (Lopez et al. 2019). Most of the Cu present in the 

dissolved form is usually chelated with organic ligands and <1% is available as free Cu ions (Coale 

and Bruland 1990; Moffet and Dupont 2007). In seawater, the other metal ions like Zn with a lower 

stability complex can be outcompeted by Cu ions and may hinder chelation with particulates 

followed by an extension of the residence time of Cu in the sea (Irving and William 1953). Hydrogen 

ion (H+) concentration in the surface ocean can directly alter trace metal bioavailability, and toxicity 

(Shi et al. 2010).  

The oceans absorbed approximately 25% of CO2 emitted to the atmosphere from anthropogenic 

sources (De Vries et al. 2017). The CO2 injection into the surface ocean is altering the carbon 

chemistry and consequently, the average pH has already decreased by 0.1 unit from pre-industrial 

times (Ocean acidification; OA) (Sabine et al. 2004; Raven et al. 2005). The CO2 concentration is 

expected to increase up to ≈900 µatm by 2100 if anthropogenic emissions are not restricted (IPCC, 

2020). And a corresponding decrease in surface seawater pH is expected in the future ocean (Doney 

et al. 2009). One of the profound impacts of changing carbon chemistry can be on trace metal 

speciation (Stockdale et al. 2016). OA is likely to cause substantial enhancement in the 

concentrations of free trace metal ions in marine waters (Millero et al. 2009) and at elevated 

concentrations, most of the trace metals can be potentially lethal for marine organisms. 

OA was found to directly impact metal (Cu, Cd) uptake and release by marine diatoms (Liu et al. 

2016).  Shi et al. (2010) noticed that the biological uptake of Fe by marine phytoplankton decreased 

under OA. Recently in some studies, it was noticed that OA helped to ameliorate metal toxicity (Cd) 

in two marine diatoms (Dong et al. 2020a; 2020b). These studies showed that at the elevated CO2 

levels, the model marine diatoms were able to upregulate certain genes involved in some 

biochemical synthesis that was likely to help in reducing the metal toxicity. Reduced nutrient supply, 

particularly DSi significantly impacted metal tolerance and adsorption capacity in a model marine 
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diatom (Zhou et al. 2020). Therefore, in the future, the increasing CO2 levels, along with trace metals 

enrichment may have considerable impacts on the phytoplankton community and carbon cycling. 

However, the combination of multiple stressors such as trace metals and OA has received very little 

attention (Millero et al. 2009; Shi et al. 2010). 

In the coastal waters, there could be land-driven direct sources of metals like Cu from fluvial input, 

upwelling waters, and anthropogenic sources like antifouling paints. But interestingly, a significant 

amount of Cu can be leached from the aerosol in the seawater (Mahowald et al. 2018) and was seen 

to impact the phytoplankton community (Paytan et al. 2009; Jordi et al. 2012). The primary sources 

of Cu in the aerosol are the burning of fossil fuel, tires, and metal smelting (Eichler et al. 2014) are 

very prominent in industrially developed countries (Tian et al. 2015). This is to be noted that an 

almost equal amount of Cu can be added to the oceans by atmospheric deposition as compared to the 

fluvial input and upwelling waters (Takano et al. 2014). The Arabian Sea is a dynamic and 

productive oceanic area that is highly influenced by the monsoon wind and its reversal. Particularly, 

certain areas of the Arabian Sea receive a large volume of atmospheric dust (Pease et al. 1998) which 

directly supports high phytoplankton production (Liao et al. 2016). Pease et al (1998) reported the 

highest level of dust concentration over the northeastern Arabian Sea (63°-68°) during the winter 

monsoon. Therefore, the oceanic areas that experience considerable dust deposition, may likely be 

exposed to higher trace metal fluxes. Consequently, the phytoplankton from this area may face toxic 

impacts (Paytan et al. 2009; Jordi et al. 2012). Moffett et al. (2015) noticed enhanced growth of some 

phytoplankton genera in response to Cu addition from the Central Arabian Sea and indicated that 

certain species might have higher Cu tolerance. Likewise, Neethu et al. (2021) conducted a study on 

two estuarine diatom species isolated from the Cochin estuary, southwest coast of India and reported 

high Cu tolerance, though the interspecific response differed significantly.  Such quality may play a 

key role in the phytoplankton community shift in this region. Further, the Arabian Sea has also been 

identified as a perennial source of atmospheric CO2 and usually displays higher pCO2 (>400 µatm) in 

the surface waters (Sarma et al. 1998; Sarma 2003 and Valsala et al. 2021). Such a combination of 

naturally occurring high pCO2  levels as well as atmospheric deposition may have potential impacts 

on the natural phytoplankton community from this region. However,  whether the OA and Cu stress 

combinedly can act in a synergistic or antagonistic way, is not clear yet, and such studies are rare in 

this area. There is only one study (Sharma et al. 2020) from the Indian shelf water (10.52°N, 

75.16°E) documenting the responses of phytoplankton assemblage to the addition of Zn and Cu 

under simulated OA during the southwest monsoon. It was revealed that certain phytoplankton 

species can be highly resistant or sensitive under the combined stress of metal ions and low pH and 
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thus may lead to the community shift. Furthermore, this experiment was conducted on a simulated 

diatom bloom under nutrient enrichment. And during the southwest monsoon, upwelling occurs in 

this region, and the phytoplankton are expected to be familiar with high pCO2 and nutrient-enriched 

conditions. Other than this there is no study available from the Indian shelf (eastern Arabian Sea) or 

other parts of the Arabian Sea. This is important to note that with the reversal of monsoon (winter) in 

the southwest coast of India warm oligotrophic water with smaller phytoplankton dominance prevails 

(Viajayn et al. 2021; Albin et al. 2022) and may respond differently to the combined stress of Cu and 

OA. To fill this gap, the present study has been conducted during the winter monsoon to understand 

the collective impacts of Cu addition under a simulated OA scenario on the growth and community 

composition of the natural phytoplankton assemblages from the coastal as well as offshore waters of 

the Arabian Sea. 

2. Materials and Methods 

2.1.Sampling and experimental setup 

Two microcosm incubation experiments were carried out onboard (RV. Sindhu Sadhana) during the 

winter monsoon (December 2019).  The surface seawaters were collected (approximately 2.5 m 

considering the height of the CTD) with the help of Niskin samplers (24 No., each 10 L) fixed on a 

CTD-rosette (Sea-Bird, USA) from the eastern Arabian Sea (southwest shelf of India; 13.2°N and 

73.69°E) for the first experiment (Exp-I) and central Arabian Sea (15°N and 64°E) for the second 

experiment (Exp-II) (Fig. 1). All bottles (polycarbonate Nalgene, USA) used for these experiments 

were pre-washed with 10% HCl followed by repeated MQ water. The collected water samples were 

directly transferred from the Niskin bottles into 12 Nalgene bottles (8 L) with the help of acid-

cleaned Tygon tubes fitted with a 200 µm mesh (to avoid large copepods). Additional 2 bottles of 

equal volume were also filled to measure all the initial parameters (dissolved inorganic nutrients, 

carbon chemistry, phytoplankton biomass, cell density and enumeration, pigments). For each 

experiment, 12 bottles were filled, out of which 6 bottles were dedicated as the ambient CO2 

treatments (A-CO2) and the rest 6 for high CO2 (H-CO2). pCO2 manipulation was done by bubbling 

CO2 (food-grade) gas from a cylinder and the pH drop was monitored to 7.8 using a precalibrated pH 

meter (Systronics, Kolkata) with standard buffers (Merck Chemicals). From the additional 2 bottles, 

the samples for measuring initial dissolved inorganic carbon (DIC) and total alkalinity (TA) were 

collected immediately in glass bottles with stoppers (100 mL for DIC and 250 mL for TA) and 

preserved with a few drops of HgCl2 solution (1%) and closed tightly. For all DIC and TA samples, a 

parafilm strip was used to restrict the movement of the stoppers and kept inside a cardboard box at 
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room temperature until analysis. The DIC and TA samples for H-CO2 treatments were collected soon 

after the manipulation of the CO2 level was done.  

Cu was added from a CuSO4 (10 mM) stock solution to make the final concentration of 1 nM to both 

A-CO2 and H-CO2 treatments in triplicate (Fig. 1). After CO2 manipulation and the addition of trace 

metal stock, the bottles were closed tightly and mixed gently. Then they were placed inside a water 

bath on the deck covered with a black nylon mesh to mimic the sunlight reaching 2.5 m depths. The 

water inside the bath was exchanged with the help of a continuous seawater flowing system on the 

deck to maintain the average water temperature close to the ambient water recorded from the CTD. 

The light intensity was measured every hour outside as well as inside the nylon mesh with the help of 

a lux meter (Metravi) and the values were converted to µmol Einstein m-2 s-1 with the coefficient 

provided by Thimijan and Heins (1983). A detail about the light intensity manipulation can be found 

in Shaik et al. (2017). The light intensities for the coastal and offshore experiments are given in 

supplementary Fig. 1a and 1b, respectively. The bottles were gently mixed every day at a particular 

time (10 am) to avoid biomass settlement and their positions inside the bath were exchanged to 

assure uniform light availability. This was noted in our previous studies that 7296 hrs (3 4 days) 

was the average time for the tropical phytoplankton community to reach the exponential growth 

phase (Shaik et al. 2017; Sharma et al. 2020 and references therein). Accordingly, the bottles were 

incubated for 72 hours and were taken for further subsampling. Please note that this was a closed 

batch culture experiment and pCO2 was manipulated only at the beginning of the experiment.  

2.2.Analytical methods 

2.2.1 Dissolved inorganic nutrients 

Dissolved inorganic nutrients were analyzed immediately onboard following the standard 

spectrophotometric (UV-1800 UV-Vis Spectrophotometer, Shimadzu) methods. The concentrations 

of nitrate+nitrite and dissolved silicate (DSi) were estimated following the protocol of Grasshoff et 

al. (2009). Dissolved inorganic phosphate (DIP) was estimated following the method described by 

UNESCO (1994). All nutrient concentrations were calculated against the internal standard solutions 

as well as the certified reference material for ion chromatography (Multi anion Standard for nitrate 

and phosphate for Ion Chromatography P-code: 55698–100 mL; dissolved silicate 18895–100 mL, 

P-code 101955342, Sigma Aldrich, USA). For estimating biogenic silica (BSi) contents, an aliquot 

of 100 ml water sample was filtered onto a 0.2 µm (25 mm; GTTP, Millipore) filter using a plastic 

filtration unit. The filters were stored in plastic vials in the refrigerator. Before analysis, the filters 
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were oven-dried at 40 C (8 hrs) and were analyzed for BSi contents following the method of 

Paasche (1973) against the standard Si solution (Sigma, USA). 

2.2.2 Carbon chemistry parameters 

DIC contents in seawater samples were analyzed (average error was < 2%) using a coulometer 

attached with an acidification module (UIC-CM 5015) against the certified reference material 

(Dickson batch 187). The TA of seawater was estimated by the potentiometric titration (against 0.1N 

HCl) method using international reference material (Dickson Batch 187) with the help of the Robotic 

titrosampler 855 from Metrohm (average error was < 5%). The final values of pCO2 and pH were 

calculated in CO2SYS (pH in NBS scale; K1, K2 from Mehrbach et al. 1973 refit by Dickson and 

Millero 1987) (Pierrot et al. 2006) using DIC and TA along with DIP, DSi, salinity and temperature 

values.  

2.2.3 Dissolved Cu levels 

For analyzing the background dissolved Cu concentration, the experimental seawater samples were 

filtered (polycarbonate membrane Millipore, 0.45µm, 47mm) immediately after the collection and 

acidified with ultra-pure HNO3 (pH <2.0) and stored at -20°C for further analysis. Before analysis, 

these acidified samples were diluted up to 100 times with extra-pure water in the onshore laboratory. 

The dissolved Cu concentrations were estimated without matrix separation with High-Resolution 

ICP-MS (Model: Nu instrument Attom ES) equipped with a micro-nebulizer (Rodushkin and Ruth 

1997) using 103Rh solution as the internal standard. For checking the accuracy of the method, 

International Certified Reference Material SLEW-3 (NRC, Ottawa, Canada) was used and it 

exhibited a respectable agreement with the certified values (within 95% confidence; 

precision>5.0%). 

2.2.4 Phytoplankton cell density and enumeration  

Enumeration of phytoplankton was carried out by collecting 1-2 L samples in amber-colored PE 

bottles and fixed with Lugol’s iodine solution (1%; w/v %) immediately after collection. In the 

laboratory, the sedimentation method was followed for 24 - 48 hours and the supernatant was 

discarded via a siphoning tube fitted with a 10 µm mesh to avoid the loss of phytoplankton cells to 

make the final volume of 20 - 30 mL. The cells were identified following the standard manuals 

(Tomas C. R 1997) and counted under an inverted microscope [Nikon (Ti2)] using an Utermohl 

counting chamber (Hydrobios Kiel, Germany) by taking a 3 mL subsample.  
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Phytoplankton species-specific growth rate (GR) was calculated based on the cell density found in 

the initial and final samples using the following formula 

Growth rate (µ d
-1) = [LN (final cell No.)-LN (initial cell No.)]/No. of day 

2.2.5 Phytoplankton pigment analysis using HPLC 

For phytoplankton pigments analysis, 1 - 2 L of water samples were filtered using amber-colored 

filtration units onto GF/F filters (Whatman; 25 mm) under a low light condition. Immediately after 

filtration, the filters were stored in amber-colored Eppendorf tubes at -20C for further analysis. 

Before analysis, the frozen filters were soaked in 5 mL ice-cold methanol (100%) (Merck chemicals, 

HPLC grade) overnight at -20C for pigment extraction. The extracts were further filtered using a 

Teflon syringe (pore size 0.45 µm) for the removal of cellular debris. These filtered extracts were 

mixed manually with a buffer comprised of 28 mM aqueous tetra butyl ammonium acetate (TBAA; 

AR Grade, Fluka) at pH 6.5 and methanol in a 9:1 ratio. Phytoplankton pigments were quantified 

with the help of an HPLC (Shimadzu Prominence, LC2030) attached with a C8 Shimpack GIST 

column (pore size 3 µm) and photodiode array (PDA) detector, following the method described by 

Van Heukelem and Thomas (2001). Standard pigments from DHI (Netherlands) were used for the 

quantification and identification of the individual pigments. The peak area of the standard pigments 

was assessed to quantify the marker pigments.  

2.2.6 Phytoplankton size class using phytopigments 

The relative contribution of different size classes of phytoplankton was estimated by using the 

marker pigments [fucoxanthin (Fuco), 19ˊ-hexanoyloxyfucoxanthin (19ˊHF), 19ˊ-

butanoyloxyfucoxanthin (19ˊBF), alloxanthin (Allo), Total Chlorophyll b (Chlb), peridinin (Perid), 

and zeaxanthin (Zea)]. The total sum of diagnostic pigments (DPw) was calculated using the 

following formula (Uitz et al. 2006)  

Σ(DP)w = (0.86)Zea + (1.01)TChlb + (0.60)Allo + (1.27)19’HF + (0.35)19’BF + (1.41)Fuco + 

(1.41)Perid 

The concentrations of Chla associated with microphytoplankton, nanophytoplankton, and 

picophytoplankton were estimated following the equations based on the total content of DP (Vidussi 

et al. 2001). 

Micro (%) = [{1.41 (Fuco) + 1.41 (Perid)}/DPw]/100 

Nano (%) = [{1.27 (19’HF) + 0.35 (19’BF) + 0.60 (Allo)}/DPw]/100 

Pico (%) = [{1.01 (TChlb) + 0.86 (Zea)}/DPw]/100 
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2.2.6 Statistical analysis 

Statistical analysis was done using one-way and two-way analysis of variance (ANOVA) with 

replication (at 95% confidence level, probability (p) level 0.05) in MS excel 2016 to calculate the 

level of significance between the different treatments. 

3. Results 

3.1 Physicochemical variability 

The ambient pCO2 levels were 431±18 µatm (Exp-I) and 456±3.6 µatm (Exp-II) (Table 1). After 

manipulation, the H-CO2 levels were 1238±57 µatm (Exp-I) and 1100±47.5 µatm (Exp-II). The 

background concentration of dissolved Cu in the offshore water was 1.82 ± 0.4 nM and in the coastal 

water, it was 2.4 ± 0.16 nM (Table 1). The initial nutrient concentrations were quite low during both 

experiments (Table 2). The concentrations of nitrate+nitrite and DIP were 0.22±0.02 and 0.1±0.005 

µmol kg-1
, respectively in the shelf water. In the offshore water, nutrient concentrations were 

relatively higher (nitrate+nitrite and DIP were 3.28±0.03 and 0.3±0 µmol kg-1, respectively). 

However, the dissolved silicate (DSi) levels were < 2 µmol Kg-1
 in both shelf (1.55±0.05 µmol kg-1) 

as well as offshore (1.95±0.07 µmol kg-1) waters (Table 2).  Interestingly, high sea surface 

temperature (SST, 29°C) was observed in the southwestern shelf water, whereas in the offshore 

water the SST was 26 C. In Exp-I, the final DIP and nitrate+nitrite levels did not show any 

considerable difference from their initial value. Whereas, in Exp-II, the final nutrient levels except 

DIP were decreased in most of the treatments suggesting consumption during the experimental 

period (Table 2).  

3.2. Phytoplankton biomass and growth rate 

In shelf water, the initial Chla concentration (Fig. 2a) was 0.067±0.01 µg L-1 and a 1.5 times increase 

was noticed in the post-incubated samples. But no significant difference between the treatments was 

seen (p>0.05); Cu addition did not impact the concentrations of Chla at any CO2 level (p>0.05). The 

microphytoplankton cell density (Fig. 2b) (11.16±1.02  103 cells L-1) did not show any significant 

change either under A-CO2 or H-CO2 treatments. However, the addition of Cu under the A-CO2 level 

led to a considerable reduction (p<0.05) in cell density (Fig. 2b); conversely, a 28% higher cell 

density (p<0.05) under the H-CO2+Cu level was noticed relative to H-CO2 control.  

In offshore water, Chla concentration (0.2±0.02 µg L-1) (Fig. 2c) increased significantly (p<0.05) in 

the post-incubated samples, however, CO2 or Cu induced changes were not significant (p>0.05). The 

cell density increased in the post-incubated samples compared to the initial values. Elevated CO2 
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supply resulted in 1.8-times (p<0.05) enhancement in the cell density compared to A-CO2. In A-

CO2+Cu treatment a ≈ 30% reduction of cell density (7.2±0.2  104 cells L-1, p<0.05) from the A-

CO2 control was recorded (Fig. 2d). However, under H-CO2 treatments, Cu addition did not induce 

any noticeable change in cell density. BSi concentration (Fig. 2e) increased by 1.6 and 2.3 times 

(p<0.05) compared to its initial value (0.5±0.07 µmol L-1) under A-CO2 (0.9±0.1 µmol L-1) and H-

CO2 treatments (1.3±0.2 µmol L-1), respectively. A reduction of 30% in BSi concentration (Fig. 2e) 

was noted in the A-CO2+Cu, but no such trend was noticed under the H-CO2+Cu treatment.  

3.3. Phytoplankton community and species-specific growth rates 

In Exp-I, HPLC analysis detected several phytopigments in the experimental samples 

(supplementary Table 1). Pigment-based phytoplankton size class analysis showed that the initial 

sample was dominated by (95%) Zea, a marker pigment for the group cyanobacteria representing 

picophytoplankton and with <5% contribution of microphytoplankton (represented by Fuco) to the 

total Chla (Fig. 3a). In the post incubated samples, an enhanced abundance of microphytoplankton (8 

times) was seen, whereas picophytoplankton relative contribution decreased by 1.68 times. 

Nanophytoplankton, (most likely prymnesiophytes represented by 19’HF and 19’BF) contributed <1 

% initially and was doubled in the post-incubated samples (Fig. 3a). It should be noted that using this 

method may also over or underestimate the contribution of diatoms to the microphytopankton 

category as some smaller diatoms falling with the nanophytoplankton class may also contribute to 

Fuco contents.  

The microphytoplankton community was mostly comprised of small dinoflagellates and diatoms 

(Table 3). Among the diatoms (Fig. 3b, 3c), the initial community was dominated by the pennate 

diatoms like Nitzschia sp. (1800±471 cells L-1; 17%), Navicula sp. (547±37 cells L-1; 5%), and 

Cylindrotheca closterium (87±9 cells L-1; 0.82%) and remained dominant after the incubation. The 

centric diatoms (mostly  Guinardia sp. and a few Rhizosolenia sp.) showed a significant increase 

from 9.4% (initial) to 31.6% (A-CO2) and 16% (H-CO2). Interestingly, pennate diatom abundance 

enhanced to 98% (A-CO2) and 95% (H-CO2) in response to Cu addition, but centric diatoms 

decreased (Fig. 3b).  

Enhanced CO2 supply resulted in a 10 times higher GR (Fig. 3d) (p<0.05) for Nitzschia sp. 

compared to the A-CO2 control. Cu addition under the A-CO2 level did not show any change in GR, 

however,  under H-CO2+Cu treatment GR increased by 1.88 times (p<0.05). Cylindrotheca 

closterium was less abundant (<1%) initially, and increased 3-5 times (p<0.05) under A-CO2 and H-

CO2 levels, without any CO2  enrichment effect.  Cu addition under the A-CO2 level resulted in  10 



 

10 
 

times decreased GR, but under H-CO2+Cu, the GR remained unchanged. Navicula sp., in general, 

showed reduced cell density in all treatments without any significant variability (Fig. 3d). The most 

abundant centric diatom, Guinardia sp. was initially a minor contributor and exhibited net positive 

GRs, however, the high CO2 supply resulted in 1.5 times lower GR compared to the A-CO2 level 

(p<0.05). After the addition of Cu in the A-CO2 and  H-CO2  levels, a 26 and 2.6 times decline 

(p<0.05) in the cell abundance was seen. The corresponding GR was negative under the A-CO2+ Cu 

and it was positive at the H-CO2+ Cu level, but the magnitude of growth inhibition was less than the 

former.  

Among dinoflagellates (Fig. 3c), Alexandrium sp. (1020±348 cells L-1; 9.6%), Gymnodinium sp. 

(966±160 cells L-1; 9.16%), and Gyrodinium sp. (280±94 cells L-1; 2.64%) contributed almost 21.5% 

to the community. A small unidentified dinoflagellate was dominant (35%) initially and became 

undetectable in the post-incubated samples. The cell density of Alexandrium sp. reduced in the post-

incubated samples with net negative GRs in all treatments. Cu addition led to a 78% (A-CO2) and 

32% (H-CO2) decline in the cell density with a corresponding decline in GR (Fig. 3d) compared to 

the controls. The reduction in GR was the maximum in A-CO2+Cu treatment (Fig. 3d). The cell 

density of the second abundant dinoflagellate Gymnodinium sp. was reduced to half in the post 

incubated treatments (p<0.05) with net negative GR. Cu addition in A-CO2  level led to a 56% 

reduced cell density; whereas, under the H-CO2+Cu treatment, the magnitude of decrease in GR was 

less.  

In consistence with HPLC pigment analysis (supplementary table 1) showing the presence of 19´HF, 

Phaeocystis (Fig. 3c) was observed (953±198 cells L-1; 9.02%) under the microscope. The cell 

density was enhanced (p<0.05) under the A-CO2 level (GR 0.41± 0.04 µ d-1) (Fig. 3d) but remained 

unaffected at the H-CO2 level (p>0.05). Under A-CO2+Cu the GR decreased to 0.11± 0.07 µ d-1 

(p<0.05), however, no change was noted in H-CO2+Cu treatment (p>0.05). 

In Exp-II (offshore), the initial community was dominated by microphytoplankton (≈51%) 

containing Fuco (marker pigment for diatoms) followed by picophytoplankton (≈27%) and 

nanophytoplankton (≈10%) (Fig. 4a). No change (p>0.05) in the pigment-based community structure 

was noticed within the treatments. Pennate diatoms (91%) were the dominant followed by centric 

(9%) (Fig. 4b). With increasing CO2 supply, 5% enhancement in pennate diatoms was noticed 

whereas the relative percentage of centric diatom was reduced to half (p<0.05). However,  Cu 

addition did not cause any significant change in pennate and centric diatom abundance (Fig. 4b).  
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The initial phytoplankton community (Table 4; Fig. 4c) was dominated by pennate diatoms like 

Pseudo-nitzschia sp. (3586±170 cells L-1; 50.39%), Cylindrotheca closterium (140±9 cells L-1; 

2.0%), Navicula sp. (126±28 cells L-1; 1.8%), and Nitzschia longissima (46.6±9.4 cells L-1; 0.66%). 

The average GR was higher in this experiment compared to Exp-I. Additional CO2 supply reduced 

the GR of Pseudo-nitzschia sp. by 1.23 times (p<0.05) compared to the A-CO2 (Fig. 4d). The 

addition of Cu under A-CO2 resulted in 1.4 times  (p<0.05) decline in GR of this genus. Whereas 

under the H-CO2+Cu treatment, the GR (0.82±0.14) remained comparable (p>0.05) with the H-CO2 

control (0.71±0.07). Cylindrotheca closterium showed a 1.15 times reduction in the GR in the H-CO2 

treatment (0.97±0.07) compared to the A-CO2 (1.11±0.04). After the addition of Cu, the cell density 

of this species reduced (p<0.05) under the A-CO2; whereas GR increased by 1.3 times (p<0.05) 

under the H-CO2+Cu treatment compared to the H-CO2 control. The GR of Navicula sp. was reduced 

4 times in the H-CO2 levels (0.28±0.06) compared to the A-CO2 control. In response to Cu addition 

under A-CO2, the GR was reduced by 1.5 times (p<0.05) compared to the A-CO2 control (1.1±0.04). 

Interestingly, the highest GR of this species was seen in HCO2+Cu treated samples with 2.73 times 

(p<0.05) increase in GR from the H-CO2 control. Nitzschia longissima contributed quite less (<1%) 

to the total community, but showed overall positive GR in all treatments. The increasing CO2 

showed an insignificant impact (p>0.05), on the GR, however, the addition of Cu under both A-CO2 

and H-CO2 led to a >1.2 times decrease (p<0.05) in GR compared to the controls. The centric 

diatoms, Guinardia flaccida showed comparable GR under A-CO2 (1.16±0.2) and H-CO2 (0.9±0.04) 

treatments (p>0.05). Cu addition under the A-CO2 did not show any major change, but under the H-

CO2 level, GR was increased to 1.44±0.12.  

The dominating dinoflagellate Gymnodinium sp. exhibited positive GR under the A-CO2 and 

ACO2+Cu without any noticeable difference. Conversely, negative GR was noticed in response to 

increasing CO2 supply with and without Cu addition (Fig. 4d). Prymnesiophytic algae, Phaeocystis 

contributed (1907±75 cells L-1) almost 27% to the initial community. The high CO2 addition 

increased the GR from 1.04 (A-CO2) to 1.48 (H-CO2) (p<0.05). The addition of Cu under both CO2 

treatments showed unchanged GR (p<0.05) compared to their controls. 

4. Discussion 

4.1.Physico-chemical variability and overall growth response 

The Arabian Sea usually acts as a perennial source of atmospheric CO2 and often exhibits higher 

pCO2 levels than the atmospheric values (Sarma 2003; Valsala et al. 2021). The pCO2 values in the 

A-CO2 levels ( 450 µatm) are consistent with these observations. During the winter monsoon, the 
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northern Arabian Sea experiences convective mixing due to dry and cool northeast trade winds that 

intensify evaporation leading to surface cooling. This results in the upward transport of nutrients 

from the base of the mixed layer and upper thermocline (Prasanna Kumar and Prasad 1996) and 

increases primary productivity (Madhupratap et al. 1996). This mode of fertilization generally 

extends southward to at least 17° N (Naqvi et al. 2002) and not beyond this, and thus explains the 

occurrences of low nutrient concentrations in our experimental sites (shelf water; 13° N; offshore; 

15° N). In shelf water (Exp-I), very low phytoplankton biomass, as well as the dominance of small 

phytoplankton, can be attributed to the low nutrient condition and also to some extent higher SST. 

Narvekar et al. (2017) also observed SST values as high as >28.5C coupled with low phytoplankton 

biomass (0.1 -0.2 µg L-1) in the south of 17 N during the winter months. Vijayan et al. (2021) 

reported the dominance of picoplanktonic prochlorophytes in warm nutrient-poor surface waters at 

13 N. The smaller cells perform better under low nutrient availability, due to their high surface area 

to volume ratio (Marañón 2015). Besides, the increased temperature usually leads to enhanced 

respiration rates which make the cells smaller (Finkel et al. 2010). Whereas, in Exp-II (offshore 

community), the nutrient concentrations were slightly higher than the shelf water and could be the 

reason for the higher GR. But the DSi concentrations were <2 µM which can potentially hinder large 

diatom cell division and growth (Krause et al. 2019). In that case, either small-sized diatoms (with 

less DSi demand for growth) or other non-diatom smaller phytoplankton may dominate. The 

dominance of smaller pennate diatoms such as Nitzschia (coastal) and Cylindrotheca closterium 

(offshore) as well as the decline of large centric diatoms (Rhizosolenia sp., Guinardia sp.)  in the H-

CO2 treatments, could be attributed to DSi limitations. This is important to mention that the DSi 

levels in the post-incubated samples were not exhausted indicating that these species might have the 

capability to grow and silicify under such low DSi levels. Moreover, the dead diatom frustules may 

also release some DSi (Kamatani and Riley, 1979) over the experimental period within the 

microcosms and could mask the actual consumption. Likewise, no noticeable difference between the 

initial and final DIP levels in both experiments also suggested that some amount of remineralized 

DIP might have been released. Importantly, phytoplankton may also consume organic phosphate as 

well as nitrogen under dissolved inorganic nutrient depletion. It has been noticed that the 

phytoplankton may considerably rely on organic nitrogen in the Arabian Sea (Shetye et al. 2019) and 

this also explains the insignificant nitrate+nitrite uptake in Exp-I.  

Furthermore, in the shelf water experiment, the cell density did not show any significant change in 

the post-incubated samples, but Chla increased. This could be due to the increasing contribution of 

smaller phytoplankton which was not detectable under light microscopy. This fact is supported by 
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the HPLC-based pigment analysis which also revealed the dominance of picoplanktonic 

cyanobacteria (Zea) as well as nanoplanktonic prymnesiophytes which were enhanced in the post-

incubated samples. The observation by Vijayan et al. (2021) also supported this view. The pigments 

19HF and 19BF were most likely due to the presence of prymnesiophytes in our samples. The 

members of this group, mostly coccolithophores or Phaeocystis, were also documented earlier from 

the study region (Madhupratap et al. 2000; Balch et al. 2018). 

4.2. Impacts of increasing CO2  

Biomass indicators such as Chla showed significant enhancement in response to elevated CO2 supply 

despite oligotrophic conditions. Enhanced photosynthetic rate under a high CO2 scenario could be 

attributed to increased Chla concentration. A marine diatom (Thalassiosira pseudonana; CCMP 

1335) showed a 25% higher photosynthetic rate under the elevated CO2 supply (Yang and Gao 

2012). Liu et al (2016) reported the upregulation of certain enzymes that are required for Chla 

synthesis under increased CO2 supply. Our previous studies showed the enhancement in the 

photosynthetic rate and Chla contents with increasing CO2 levels in diatom-dominated phytoplankton 

communities from the Indian coastal waters (Biswas et al. 2011, 2017). However, in our previous 

study (Sharma et al. 2020) the simulated diatom community did not show any CO2-induced increase 

in Chla contents.  

The pCO2 levels in the surface waters of the Arabian Sea can be high (>500 µatm)  in the upwelling 

impacted regions during the southwest monsoon and showed a wide range of fluctuations 

(Körtzinger et al. 1997). Hence, the phytoplankton can be acclimatized to some extent to such pCO2 

variability; however, the level of acclimatization can be group/genus/species/strain-specific (Wolf et 

al. 2018). Nitzschia sp. and Phaeocystis sp. in Exp-I and only Phaeocystis sp. in Exp-II exhibited a 

positive growth response to elevated CO2 supply. Enhanced CO2 can exert diverse impacts on 

phytoplankton photosynthetic performance and GR which in turn are related to their carbon dioxide 

concentration mechanisms (CCMs) (Giordano et al. 2005). The phytoplankton species that depend 

on the diffusive uptake of CO2 can show stimulatory response under H-CO2 compared to those 

species which are using HCO3
- or CO2 via CCMs (Beardall et al. 2009). The growth enhancement 

due to increasing CO2 supply may depend on the difference between diffusion of CO2 within the cell 

and efficient carboxylation. Several factors determine DIC accumulation in the vicinity of the 

carboxylation site and phytoplankton cell size is one of them (Malerba et al. 2020). Due to the high 

surface area to volume ratio, the small cells could acquire a sufficient amount of DIC compared to 

their larger siblings which are having less surface to volume ratio (Raven 1987; Finkel et al. 2010). 

Thus small cells would be expected to show a higher GR under elevated CO2 conditions (Sun et al. 
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2011; Tatters et al. 2012) as seen in the case of Nitzschia sp. and Phaeocystis sp. in our experiments. 

The predominance of Nitzschia under the H-CO2 treatments was also documented in our previous 

study (Sharma et al. 2020, 2021). Likewise, a high cell number of Phaeocystis (<106 cells mL-1) was 

also reported from the central Arabain Sea close to our sampling stations by Moffett et al. (2015) 

during the southwest monsoon. In our recent study (Sharma et al. 2021), 19’HF containing 

prymnesiophytic algae responded positively under H-CO2 supply (800 µatm). Phaeocystis globosa 

exhibited lower sensitivity to very high CO2 levels (>1500µatm) in the experimental study (Rost et 

al. 2003), and this was probably related to DSi limitation which restricted diatom growth. It was 

noted in a subtropical phytoplankton community that the high CO2 level promoted the growth of the 

prymnesiophytic algae Phaeocystis globosa (Taucher et al. 2018).  

Bach and Taucher (2019) reviewed 54 available studies on the impacts of increasing CO2 levels on 

marine diatoms and pointed out only 19% of them showed negative responses to the elevated CO2 

levels. In our study, among other major contributing genera, high CO2-induced negative GR was 

seen in 3 diatoms (Navicula sp., Pseudo-nitzschia sp., Cylindrotheca closterium) in offshore water 

and one (Guinardia sp.) in shelf water. This is important to note that Guinardia and Pseudo-

nitzschia sp showed a positive growth response in a previous study (Sharma et al. 2020) conducted 

during the SW monsoon from the southeastern Arabian Sea. However, also showed a negative GR in 

another study during the winter monsoon from a similar location (Sharma et al. 2021). Such a 

contradictory response of the same genus to the elevated CO2 levels can be related to their species-

specific or strain-specific carbon metabolism pathways (Wolf et al. 2018). A negative growth 

response suggested inhibited cell division due to the increasing CO2 levels or decreasing pH. This is 

possible that these diatoms were not able to benefit from energy savings related to elevated CO2 

supply. On the other hand, a low pH may induce higher respiration rates (Wu et al. 2010) and thus 

may demand higher energy and could lead to slow or negative GR. The increasing pCO2 

(carbonation) and associated decreasing pH may separately have a complex impact on diatom 

photosynthetic and respiration rates (Goldman et al. 2017). A recent study where pCO2 and pH were 

independently varied found no noticeable effects of either pCO2 or pH change on growth, 

photosynthesis, or respiration in the marine diatom Thalassiosira weissflogii (Goldman et al. 2017). 

Wu et al. (2017) showed that changes in CO2, and not pH, dominated the photochemical responses of 

the model Phaeodactylum tricornutum to OA. Based on this physiological plasticity of the individual 

genus, species, or strain at the elevated CO2 levels, the winners and losers are usually determined, 

and hence is important to understand for predicting the community shift in the future ocean.  
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A total of 3 diatoms (Cylindrotheca closterium in shelf water; Guinardia flaccida and Nitzschia 

longissima in offshore water) showed neutral GR in response to enhanced CO2 supply. A neutral 

response can be expected when these diatoms can adjust their energy and resource requirements 

under such variable CO2 levels ( 400 -1200 µatm). In the review by Bach and Taucher (2019), it 

was seen that out of 19 high CO2 incubation experiments from the oceanic communities, 32% 

revealed no impact. Likewise, the study by Boelen et al. (2011) found that variable CO2 levels did 

not show any impact on the photosynthetic performance as well as GR of a marine diatom 

Chaetoceris brevis. The authors postulated that the expected energy savings by the downregulation 

of CCMs can be negligible to be used for growth enhancement which can be present for the other 

species with positive GR (Hopkinson et al. 2011). This could be related to resource limitation (e.g. 

nutrients) which controls the amount of saved energy related to CCM operation (Boelen et al. 2011). 

No change in GR in response to elevated CO2 was also noticed by Burkhard et al. (1999) in marine 

diatoms. Young et al. (2015) observed the downregulation of CCMs in response to a doubling of 

CO2 supply from 400 µatm without any modification in GR in a diatom-dominated phytoplankton 

assemblage from the Antarctic.  

In both experiments, the dinoflagellates (Gymnodinium sp. Alexandrium sp.) were the worst 

impacted at the elevated CO2 levels and showed negative GR. A similar trend was also observed by 

Taucher et al. (2018) where dinoflagellates displayed a negative response to higher CO2 under 

oligotrophic conditions. On the contrary, in some laboratory studies, dinoflagellates exhibited 

tolerance/positive growth at elevated CO2 levels (Fu et al. 2008; Eberlein et al. 2014). Increased 

abundance of dinoflagellates like Protoperidinium and Peridinium was also documented under H-

CO2 levels in our earlier study (Sharma et al. under review). Hattenrath‐Lehmann et al. (2015) 

noticed that certain species of Alexandrium exhibited a positive growth response and increased toxin 

production under the elevated CO2 supply. This type of contradictory response could also be due to 

the community composition and competitive efficiency for nutrient uptake (Wolf et al. 2018). The 

mixotrophic dinoflagellate, namely Gymnodinium sp., and Alexandrium sp may decline due to the 

indirect effect of H-CO2 via the food web (Taucher et al. 2018) imposed by the unavailability of the 

preferred prey. Particularly,  the prymnesiophytic algae in the post-incubated samples may not be 

preferably grazed by the mixotrophic dinoflagellate.  

4.3. Impacts of Cu addition and interaction with increasing CO2   

The community shift induced by the enrichment of Cu under the A-CO2 suggested that most of the 

phytoplankton species are likely to be sensitive to Cu toxicity. Cu is one of the most important 

bioactive trace metals and plays a major role in cellular physiology (Sunda 2012), and makes the 
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strongest complexes with the ligands among other trace metals (Waldron et al. 2009). During Exp-I,  

higher SST (29C) and oligotrophy might have synergistically hindered the growth. Several 

environmental factors such as OA and temperature can alter metal speciation in the marine 

environment and therefore, could change the bioavailability and toxicity of metals in marine biota 

(Millero et al. 2009). Increased temperature can result in reduced reproduction and high mortality in 

phytoplankton as it enhances the uptake and accumulation rate of trace metals (Wang and Wang 

2008; Yung et al. 2017). Several studies showed enhanced toxicity of Cu with increasing temperature 

in diatoms and green algae (Morin et al. 2017; Silva et al. 2018).  

An earlier study by Guo et al. (2012) showed that the role of Cu in marine phytoplankton physiology 

was more prominent for offshore strains compared to those in coastal waters. The authors noted that 

the cellular highest average Cu quotas showed the following trend: bacillariophyceae > 

cyanophyceae > prymnesiophyceae > dinophyceae. The observed decline in dinoflagellate 

abundance in response to elevated Cu concentration also supports this fact. This trend indicates that 

depending on the actual cellular Cu quota, the toxic impact may differ in the individual algal group. 

Higher resilience was seen in bacillariophyceae and prymnesiophyceae compared to dinophyceae. 

This is important to note that Cu addition may also induce toxicity to the grazers and phytoplankton 

biomass may show enhancement due to reduced grazing pressure related to Cu addition (Stoecker et 

al. 1986).  

In our study, Cu addition at the A-CO2 level did not impact the net Chla concentrations, but the cell 

density decreased. Increased positively charged metal ions (M+) flow inside the cell may attack the 

active sites of nucleic acids and proteins and thus hinders cell division (Masmoudi et al. 2013). 

Nguyen-Deroche et al. (2009) also observed that in marine diatoms, Cu addition impacted 

photosynthetic performance without impacting the net Chla content. Some studies reported a 

significant decline in the cell density and GR but enhancement in the cell size with elevated Cu 

concentration (Sunda and Huntsman 1986; Fisher et al. 1981), and this could be because of the 

uncoupling between the cell division and photosynthetic rate which results in the accumulation of 

photosynthetic product within the cell (Hall et al. 1989; Yang et al. 2019). In several experiments, Cu 

addition was shown to reduce the cell density in marine diatoms (Cid et al. 1995; Nguyen-Deroche et 

al. 2009). The addition of Cu in a model marine diatom was shown to impact DNA synthesis and cell 

cycle within 2 days of incubation (Wei et al. 2014) and explains the reason for restricted cell 

division. Moreover, in the case of diatoms, any interruption in silicification may directly hinder the 

cell division rates. The reduced BSi production in Exp-II in the A-CO2+Cu treatment indicated that 

Cu addition inhibited the silicification process. Si and Cu ions compete for the same protein 
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transporter and therefore elevated Cu concentration may inhibit the silicate uptake and thus BSi 

production in marine diatoms (Rueter and Morel 1981). A similar observation was noticed in our 

previous studies (Biswas and Bandyopadhyay 2017). 

The interesting observation from both the experiments was Nitzschia (in shelf water) along with 

Gunardia flaccida and Cylindrotheca (in offshore water) showed higher GR under HCO2+Cu 

treatment suggesting that these phytoplankton taxa probably possess higher cellular Cu demand. An 

enhanced abundance of Nitzschia under HCO2+Cu treatments was also documented in our previous 

study (Sharma et al. 2020) from the southeastern Arabian Sea. Nitzschia showed its high potential to 

cope with elevated Cu levels and could be the reason for forming bloom in the upwelling and 

polluted waters (Morin et al. 2012). In both experiments, Phaeocystis grew exponentially under Cu 

enriched samples, at elevated CO2 levels which could be due to higher Cu demand for growth. 

Lombardi and Maldonado (2011) observed in a laboratory experiment that enhanced Cu supply did 

not show any impact on photosystem II function of Phaeocystis. The observations by Guo et al. 

(2012) and Lombardi and Maldonado (2011) collectively suggest that prymnesiophytes might be 

having higher Cu tolerance and more Cu requirement than other phytoplankton groups. Moffett et al. 

(2015) also observed a Phaeocystis bloom under DSi limitation during an onboard incubation 

experiment from the central Arabian Sea and added Cu was found to have a negligible impact on 

Chla values.  

The phytoplankton cell surface is usually surrounded by several functional groups (carboxylic, thiol, 

amino, hydroxy, and hydroxy-carboxylic) (Gonzdez-Drivilal, M. 1995). Under enhanced free metal 

concentrations (either due to an increased supply of dissolved metal or lowering of pH) these 

functional groups scavenge the M+ outside the cell and the toxicity can be minimized to some extent 

owing to the limited numbers of such functional groups (Gonzdez-Drivilal M. 1995). When the 

proton (H+) concentrations increase, a consequent competition between the H+ and M+ occurs to 

attach with the functional groups, and H+ replaces the M+ resulting in increased M+ availability 

(Millero et al. 2009).  These metal ions can be transported inside the cell (cytosol) and could attach 

nonspecifically with the coordination sites (active site) of biomolecules like enzymes and may alter 

the normal metabolic functions (Sunda 1989). Phytoplankton cells possess several mechanisms to 

reduce such metal toxicity by producing metal-binding compounds using specific enzymes like 

superoxide dismutase and by synthesizing other proteins like glutathione (GSH) and phytochelatins 

(PCs) to chelate the free metal ions (Kawakami et al. 2006a, b) followed by exclusion of the chelated 

metals from the cell (Waldron et al. 2009; Masmoudi et al. 2013).  
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Some studies (Dong et al. 2020a, 2020b) noticed that the model marine diatoms (Skeletonema 

costatum and Phaeodactylum tricornutum) were able to alleviate metal (e.g. Cd) toxicity when 

grown under high pCO2 levels (1500 µatm). A similar study was conducted by Xu et al. (2021) and it 

was noticed that three marine diatoms (Phaeodactylum tricornutum, Thalassiosira pseudonana, and 

Chaetoceros mulleri) were able to tolerate metal stress (arsenic) under increasing pCO2 levels (1000 

and 2000 µatm) over the short term as well as long term exposure. To understand the mechanism for 

metal stress alleviation under OA, the cellular energy allocation for multiple processes needs to be 

discussed. Carbonic anhydrase (CA) plays a central role in diatoms CCMs by converting the 

bicarbonate ions to CO2 and was shown to be inhibited by Cu toxicity in the marine diatoms 

(Nguyen-Deroche et al. 2009). Consequently, under A-CO2+Cu, CCM-mediated DIC export inside 

the cell can be severely hampered. Conversely, when CO2 supply is enhanced, CA-dependent DIC 

acquisition can be downregulated due to higher CO2 diffusive influx.  And therefore under H-

CO2+Cu treatment, Inhibited CA activity due to Cu toxicity may not be crucial for carbon transport 

keeping the photosynthetic rate unaltered. Phytoplankton cells may benefit from the increasing CO2 

supply and enhance photosynthetic products which may help in alleviating metal stress under the OA 

scenario. Likewise, the study by Wu et al. (2014) on five diatom species revealed that increased CO2 

supply resulted in the production of higher photosynthetic reductants which was responsible for 

faster growth. As mentioned earlier that to reduce metal toxicity several specific enzymes enriched 

with thiol group and compounds like GSH and PCs synthesis are required which is expensive in 

terms of cellular resources and energy. Besides, Cu addition was found to enhance the respiration 

rates in marine diatoms suggesting higher energy requirements mostly to reduce metal toxicity 

(Nguyen-Deroche et al. 2009). Therefore, the energetic savings and increased production of 

photosynthates under OA  may facilitate the synthesis of these detoxifying compounds.  

High light and some metals like Cu, Cd, both stressors generate reactive oxygen species inside the 

cell and can be highly deleterious for photosystems (Rijstenbil et al. 1994; Manimaran et al. 2012). 

The alleviation of light stress under OA was also noticed in unicellular green algae (Garcia-Gomez et 

al. 2014) as well as in coastal diatoms (Biswas et al. 2014). Valenzuela et al. (2018) reported that the 

marine diatom Thalassiosira pseudonana showed higher resilience under OA as well as high light 

and low nitrogen, a condition that is likely to prevail in the future oceans. Under OA, low pH may 

induce higher respiration rates (Wu et al. 2010) and thus may demand higher energy. At the same 

time, the down-regulation of CCMs may provide some energetic savings (Giordano 2005; 

Hopkinsons 2011) and may increase photosynthates inside the cell (Shaik et al. 2017). Consequently, 

CO2-induced higher growth may demand more Cu for building the essential Cu-proteins like 
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plastocyanin, cytochrome oxidase, and multicopper oxidase involved in the photosynthetic light 

reaction, respiratory electron transport, and Fe acquisition, respectively (Kong and Price 2020). In 

that case, Cu removal for growth is likely to increase with a subsequent reduction of the toxic level 

inside the cell. Whereas, in the case of A-CO2+Cu treatments, the dissolved Cu (>1 nM) level was 

probably enough for supporting growth and the additional Cu supply exerted a toxic impact. The 

projected oligotrophy induced by warming and increasing CO2 levels in combination with Cu 

pollution may potentially alter the phytoplankton community both in the shelf as well as offshore 

waters of the Arabian Sea.  

Conclusions 

Multiple stressor studies are usually difficult to handle due to the complexity of the matrix of 

variables, yet are becoming increasingly important in the context of climate change and are scarce 

from the Indian Ocean region. We present here the second report on the combined stressor [trace 

metal (Cu) enrichment and ocean acidification] from the southwestern shelf of India and the first 

experimental study from the central Arabian Sea. In this study, which was conducted during the 

winter monsoon on the natural phytoplankton communities, we observed that increasing CO2 levels 

exhibited a growth-stimulating impact in some phytoplankton, whereas, a few responded negatively. 

The addition of 1 nM Cu under the A-CO2 level significantly inhibited cell density without 

impacting Chla concentrations. Interestingly, 1 nM Cu addition under the elevated CO2 level did not 

show a change in phytoplankton cell numbers or biomass. Species like Nitzschia and Phaeocystis 

showed higher growth responses to both CO2 as well as Cu enrichment, and this could be attributed 

to the higher cellular Cu demand of these species. Low DSi levels could also be one of the reasons 

for promoting non-diatom phytoplankton like Phaeocystis. Moreover, the addition of CO2 seemed to 

reduce the toxic impacts of Cu in some phytoplankton species. Such response was not observed in 

the previous study (Sharma et al.  2020) which was conducted during the southwest monsoon-

induced upwelling. In that study, a phytoplankton community dominated by diatoms was grown 

under nutrient-replete conditions onboard and the background dissolved Cu level was nearly 11 nM. 

Neither cell division nor the Chla contents were impacted in response to Cu (1 nM) addition in any 

CO2 levels. Contrarily, during the present study at the time of the winter monsoon, the southwestern 

shelf water becomes warm and oligotrophic with very less diatom abundance; and the dissolved Cu 

level was 4.6 times lower compared to the southwest monsoon. All these differences in the 

physicochemical parameters, particularly nutrient availability as well as the phytoplankton 

community composition were probably the reason for a different response, although some were 

comparable. Likewise, species like Nitzschia and Pseudo-nitzschia revealed positive growth 
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responses in the previous study confirming their high Cu and CO2 tolerance and could potentially 

bloom in the future in this region. Such a community shift may have a considerable impact on 

grazing, the food chain, and carbon transfer in this area. This should be mentioned that the Arabian 

Sea is a perennial source of atmospheric CO2 and some phytoplankton are likely to show resilient 

behavior, but their response can be different when considering other stress factors like increasing 

temperature and stratification leading to oligotrophy and aerosol dust flux. Whether these factors will 

impact the natural phytoplankton community in an antagonistic or synergistic way is still not 

understood and needs to be addressed in future studies. And while planning such experiments high 

spatial and seasonal variability in primary production and phytoplankton community composition in 

the Arabian Sea should be considered. Nonetheless, this is important to improve our mechanistic 

understanding to justify such species-specific responses to multiple stressors and that may help to 

predict the future phytoplankton community shift in these tropical waters. It should be noted that the 

experiments conducted on a natural community provide the basic information on the species-specific 

response and the competitive efficiency to the simulated stressed factors. However, the species 

showing resilient behavior in such natural assemblages can be used to develop monoculture and 

further experiments are recommended to monitor the enzymatic expression and reprogramming of 

cellular mechanisms related to the specific stress using molecular tools.   
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Figure 1: Map showing the surface seawater sampling locations in the southwestern shelf of 

India (Exp-I) and the central Arabian Sea (Exp-II) during the winter monsoon (Dec 2019). 

The schematic represents the experimental design.  
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Figure 2: Chla concentrations (a); cell density (b) in Exp-I (A-CO2 ≈420 µatm and H-CO2 

≈1200  µatm; Chla contents (c); cell density (d) and BSi concentrations (e) in Exp-II (A-CO2 

≈450 µatm and H-CO2 ≈ 1100  µatm) (n =3; ±SD). 
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Figure 3: Relative contribution of different size classes of phytoplankton (micro, nano, and 

picophytoplankton) to total Chla calculated from diagnostic pigments (a); relative 

contribution (%) of centric and pennate diatom derived from microscopy (b); absolute cell 

density of the major phytoplankton species (c) analyzed by microscopy and species-specific 

growth rate [µ (d-1)] of the dominating phytoplankton species (d) in Exp-I. The p-values 

mentioned above the error bars indicate the level of significance concerning the impact of 

either high CO2 or Cu compared to the controls (n =3; ±SD).  
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Figure 4: Relative contribution of different size classes of phytoplankton (micro, nano, and 

picophytoplankton) to total Chla calculated from diagnostic pigments (a); relative 

contribution (%) of centric and pennate diatom derived from microscopy (b); absolute cell 

density of the major phytoplankton species (c) analyzed by microscopy and species-specific 

growth rate [µ (d-1)] of the dominating phytoplankton species (d) in Exp-II. The p-values 

mentioned above the error bars indicate the level of significance concerning the impact of 

either high CO2 or Cu compared to the controls (n =3; ±SD).  
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Table 1: The initial values of dissolved Cu levels and the carbon chemistry parameters during 

Exp-I and Exp-II (values ± SD; n = 3). The TA and DIC values were used to calculate the 

pCO2 and pH values using CO2SYS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 pCO2 

(µatm) 

pH 

(NBS) 

TA 

(µmol kg-

1) 

DIC 

(µmol kg-

1) 

Dissolved Cu 

(nM) 

Experiment-I A-CO2 434±19 8.16±0.0

2 

2283±10 1965±9 2.39±0.16 

 H-CO2 1270±58 7.76±0.0

2 

2161±7 

Experiment-II A-CO2 456±3.6 8.14±0.0

03 

2358±19 

 

1995±18 1.82±0.39 

 H-CO2 1100±47.

5 

7.78±0.0

17 

2196.7±2 
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Table 2: The initial and final values of dissolved inorganic nutrients during Exp-I and Exp-II 

(values ± SD; n = 3). 

 

Experiment-I  Nitrate+nitrite 

(µmol kg-1) 

DIP 

(µmol kg-1) 

DSi 

(µmol kg-1) 

Initial A-CO2 0.22±0.02 0.1±0 1.55±0.05 

 H-CO2    

Final     

 A-CO2 0.2±0 0.18±0.009 1.11±0.05 

 A-CO2+Cu 0.38±0.01 0.12±0.01 0.96±0.08 

 H-CO2 0.45±0.12 0.12±0.009 1.32±0.15 

 H-CO2+Cu 0.36±0.16 0.13±0.009 1.19±0.08 

Experiment-II     

Initial A-CO2 3.28±0.03 0.37±0 1.95±0.07 

 H-CO2    

Final A-CO2 2.2±0.52 0.38±0.006 1.69±0.9 

 A-CO2+Cu 2.53±0.15 0.41±0.006 1.82±0.75 

 H-CO2 2.44±0.63 0.39±0.04 1.09±0.17 

 H-CO2+Cu 2.08±0.30 0.39±0.006 0.76±0.11 
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Table 3: Individual phytoplankton cell density (L-1) and relative abundance (%) calculated from the microscopic analysis for Exp-I (n = 3; ±SD). 

 

 Initial A-CO2 A-CO2 + Cu H-CO2  H-CO2 + Cu 

Phytoplankton 

species 

Cell  

density 

RA 

(%) 

Cell density RA 

(%) 

Cell 

density 

RA 

(%) 

Cell density RA 

(%) 

Cell density RA 

(%) 

Nitzschia sp. 1800±471 17 1915±187 15.95 1738±85 46.07 3431±93 33.78 6080±359 45.63 

Cylindrotheca 

closterium 

86.67±9.4 0.82 427±127 3.58 102±15 2.68 280±58 2.78 369±20 2.77 

Navicula spp. 546.7±37 5.22 289±199 2.36 124±46 3.24 196±41 1.94 164±100 1.20 

Rhizosolenia sp. 80±56 0.74 35±15 0.30 -  26.6±0 0.26 -  

Guinardia spp. 106.7±113 0.98 951±265 7.82 36±20 0.91 453±80 4.48 173±48 1.32 

Eucampia sp. 20±9.4 0.19 20±9.4 0.17 - - -  53.3±0 0.37 

Thalassiosira sp. 6.7±9 0.07 - 0.12 - - -  -  

Pseudo-nitzschia sp. 253.3±38 2.43 84±38 0.72 - - -  -  

Coscinodiscus sp. 13.3±0 0.13 58±43 0.47 - - 44±15 0.44 20±9.4 0.15 

Chaetoceros sp. 40±0 0.18 133.3±13 1.12 - - 31±7 0.31 115±31 0.87 

Asteromphalus sp. 106.7±0 0.48 33±28 0.29 - - -  -  

Hamiaulus sp. 13.3±0 0.13 - - - - -  -  

Leptocylindrus spp. -  - - - - 209±33 2.05 53.3±0 0.42 

Pheocystis sp. 953±198 9.02 3311±404 27 1342±294 35 4124±963 40 4889±943 36.44 

Alexandrium sp. 1020±348 9.60 778±185 6.44 169±54 4.37 560±92 5.46 378±20 2.83 
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Gymnodinium sp. 966.7±160 9.16 498±96 4.14 218±41 5.71 600±35 5.91 782±85 5.90 

Gyrodinium sp. 280±94 2.64 187±58 1.57 -  31±20 0.29 36±15 0.26 

Protoperidinium 

sternii 

66.7±19 0.64 53±35 0.44 -  31±20 0.29   

Oxytoxum sp. 53.3±56 0.53 31±7 0.26 36±20 0.92 93±35 0.92 156±47 1.19 

Pyrodinium sp. 40±38 0.39 -  - - - - - - 

Trichodesmium sp. 80±38 0.75 22±7.7 0.18 - - 33±9.4 0.35 - - 

Amphiprora sp. 13.3±0 0.12 13.3±0 0.06 - - - - - - 

Prorocentrum sp. 13.3±0 0.13 -  - - - - - - 

Krenia sp. 26.7±0 0.24 -  - - - - - - 

Dinophysis sp. 13.3±0 0.07 -  - - - - - - 

Pronoctiluca sp. 26.7±19 0.26 307±128 0.11 26.6±0 0.7 66±13 0.65 - - 

Noctiluca sp. - - -  40±0 0.95 40±19 0.40 147±40 1.09 

Unknown 

Dinoflagellates 

3713.3±216 35.46 2222±96 19 - - - - - - 

Dictyocha fibula 13.3±0 0.13 13.3±0 0.10 - - - - - - 
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Table 4: Individual phytoplankton cell density (L-1) and relative abundance (%) calculated from the microscopic analysis for Exp-II (n = 3; 

±SD). 

 

 Initial A-CO2 A-CO2 + Cu H-CO2  H-CO2 + 

Cu 

 

Phytoplankton species Cell 

density 

RA (%) Cell 

density 

RA (%) Cell 

density 

RA 

(%) 

Cell 

density 

RA (%) Cell 

density 

RA (%) 

Pseudo-nitzschia sp. 3586.6±1

70 

50.39 49991±2

927 

47 22933±9

08 

32 30560±

6490 

15 45022±184

95 

24 

Cylindrotheca 

closterium 

140±9.4 1.97 3964±54

9 

3.7 2987±11

6 

4.20 2578±5

37 

1.3 7129±503 3.7 

Nitzschia longissima 46.6±9.4 0.66 426±53 0.4 258±55 0.36 516±67 0.26 347±71 0.18 

Nitzschia sp. - - 613±192 0.58 524±81 0.7 969±48

4 

0.5 266.6±38 0.13 

Navicula sp. 126.6±28 1.79 3440±41

9 

3.3 1057±13

6 

1.49 293±46 0.15 1271±401 0.67 

Rhizosolenia imbricata 93.3±57 1.34 240±71 0.23 124±55 0.18 66.6±1

9 

0.03 67±56 0.03 

Chaetoceros sp. 13.3±0 0.19 - - - - - - 40±19 0.02 

Guinardia flaccida 80±38 1.11 2836±14

40 

2.63 3449±36

2 

4.8 1182±1

23 

0.6 6347±2060 3.4 
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Cerataulina pelagica 100±28 1.40 356±55 0.36 71±40 0.1 26.6±0 0.01 - - 

Cosinodiscus sp. 26.6±19 0.38 80±0 0.07 - - 53.3±0 0.03 - - 

Thalassiosira sp. 40±0 0.54 507±71 0.5 284±61 0.4 120±0 0.06 280±57 0.15 

Gyrosigma sp. 53.3±0 0.72 89±31 0.08 - - - - 169±31 0.10 

Leptocylindrus sp. 93.3±0 1.26 124±67 0.12 98±40 0.14 - - 187±71 0.1 

Phaeocystis sp. 1906.6±7

5 

26.8 

 

42889±3

88 

40.4 38364±1

382 

54 160427

±1425 

81 127946±20

667 

67 

Gymnodinium sp 500±141 6.98 667±141 0.63 764±200 1.1 169±31 0.09 89±41 0.05 

Protoperidinium sp. 13.3±0 0.19 - - - - - - - - 

Alexandrium sp. 60±28 0.86 - - - - - - 71±40 0.04 

Gyrodinium sp. 33.3±28 0.46 - - 116±40 0.2 - - - - 

Oxytoxum sp. - - 26.6±0 0.03 - - - - - - 

Pronoctiluca sp. 120±75 1.6 106.6±0 0.10 - - - - - - 

 

 


