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Abstract
Increasing dissolution of CO2 in the surface ocean is rapidly decreasing its pH and changing
carbon chemistry which is further affecting marine biota in several ways. Phytoplankton response
studies under the combination of elevated CO2 and trace metals are rare. We have conducted two
consecutive onboard incubation experiments (R. V. Sindhu Sadhana; August 2017) in the eastern
Arabian Sea (SW coast of India) during an upwelling event. A nutrient enriched diatom bloom was
initiated onboard and grown under ambient (≈400µatm, A-CO2) and high CO2 levels (1000 atm;
H-CO2) with different zinc (Zn; 1nM) and copper (Cu) concentrations (1nM, 2nM and 8nM).
Phytoplankton community composition and the dominant genera were different during these two
experiments. CO2 enrichment alone did not show any significant growth stimulating impact on the
experimental community except enhanced cell density in the first experiment. Addition of Zn at ACO2 level revealed no noticeable responses; whereas, the same treatment under H-CO2 level
significantly reduced cell number. Considerably high protein content under H-CO2+Zn treatment was
possibly counteracting Zn toxicity which also caused slower growth rate. Cu addition did not show
any noticeable impact on growth and biomass production except increased protein content as well as
decreased carbohydrate: protein ratio. This can be attributed to relatively higher protein synthesis
than carbohydrate to alleviate oxidative stress generated by Cu. The centric diatom Chaetoceros and
toxin producing pennate diatom Pseudo-nitzschias howed no significant response to either CO2 or Zn
enrichment. Large centric diatom Leptocylindrus and Skeletonema responded positively to Zn
addition in both CO2 levels. The former species showed the most sensitive response at the highest Cu
and H-CO2 treatment; whereas, the pennate diatoms Nitzschia and Pseudo-nitzschia (toxigenic
diatom) showed higher resilience under elevated CO2 and Cu levels. This observation indicated that
in future ocean, increasing CO2 concentrations and trace metal pollution may potentially alter
phytoplankton community structure and may facilitate toxigenic diatom bloom in the coastal waters.
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Introduction
Since the beginning of the industrial revolution, atmospheric CO2 concentration is rising
steadily as a result of decreasing sinks and increasing sources of CO2 mostly due to human activities.
According to IPCC (2013) atmospheric CO2 level is likely to double by the end this century.
Approximately, 25% of atmospheric CO2 emitted every year by anthropogenic activities is absorbed
by the oceans (De Vries, 2014; De Vries et al., 2017). Increasing dissolution of CO2 in the surface
ocean is leading to a rapid decrease in pH (increase in H+ ion concentrations) and other related
changes in carbon chemistry (increasing CO2 and HCO3- and decreasing CO32-concentrations). These
changes in inorganic carbon speciation and increase in H+ ion concentration are further affecting
marine biota in various ways. The shift of pH toward less alkaline conditions is referred to Ocean
Acidification (OA). The surface seawater pH has already dropped by 0.1 unit from its pre-industrial
value (Feely et al., 2004) and is predicted to decrease further (Hester et al., 2008). Most of the
biogeochemical processes occurring in the marine environments are sensitive to pH changes, since
pH is a key factor that mediates chemical and physiological processes. OA is imposing a serious
threat to the marine organisms by altering its diversity on a global scale (Kroeker et al., 2013a) and
such threats are further intensifying in some parts of the world oceans, mostly due to regional
processes (physical, chemical and biological) (Hurd et al., 2018).
Marine phytoplankton, the base of the marine trophic network, can be highly sensitive to OA
(Bach et al., 2017; Pardew et al.2018; Riebesell, 2004). In general, it is difficult for marine
phytoplankton to accumulate sufficient Dissolved Inorganic Carbon (DIC) inside the cell to run
photosynthesis at an optimal rate due to 1) very low concentrations of dissolved CO2 (<1% of DIC)
in the surface seawater and 2) extremely low affinity of RubisCO, the main carboxylating enzyme,
towards CO2 (Falkowski and Raven, 2007). Hence, the projected CO2 level may be beneficial for
marine phytoplankton in terms of DIC transport and photosynthesis (Reinfelder, 2011); however,
low pH may alter their respiration and net carbon accumulation rates as well as other biochemical
reactions (Spilling et al. 2016).
The rate of OA in the open ocean regions can be significantly different than in the coastal
seas due to higher dynamicity of the latter (Chan et al., 2017). Our earlier experiments showed that
the coastal diatom community from the both Bay of Bengal (BoB) and Arabian Sea (AS) responded
positively to CO2 enrichment (Biswas et al., 2017; Shaik et al., 2017). The organisms living in the
polluted coastal waters and upwelling regions where the concentrations of dissolved CO2 levels are
usually naturally higher, are likely to be well adapted to a wide range of pH (Brown et al., 2018;
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Bracken et al. 2018). The biological response studies in such natural environments are extremely
important in order to develop a mechanistic understanding about living in a high CO2 world.
Global ocean is not only facing the problem of OA, but other stressors (e. g. temperature,
light, dissolved oxygen, trace metals) are also changing simultaneously. The combined effects of OA
along with the other variables bear considerable capacity to impact ecosystem functioning rather than
OA alone (Haigh et al., 2015) and marine phytoplankton showed high level of diverse and complex
responses (Boyd and Hutchins, 2012; Boyd et al., 2018; Gao et al., 2017;Keyset al., 2018;Taucher et
al., 2018). Hence, understanding the biological response to such multifaceted changes is of high
research priority (Boyd, 2018; Kroeker et al., 2013) for policy making and ocean management (Hurd
et al., 2018).
Dissolved trace metals like, iron (Fe), copper (Cu) and zinc (Zn) are crucial for marine
phytoplankton growth and the changing H+ concentration in the upper ocean may significantly
impact trace metal chemistry, metal uptake rates (Shi et al. , 2010), their bioavailability and toxicity
(Leal et al., 2018; Millero et al., 2009). Understanding trace metal chemistry under OA scenario is an
emerging field of study (Millero et al., 2009; Stockdale et al. 2016). Trace metals present in the
marine environment usually form strong and weak complexes with different organic ligands; the
concentrations of free metal ions can be very small (<1%) relative to the organically bound
complexes (>99%) (Sunda and Huntsman, 1998). In general, there is a competition between H+ and
metal ions to be attached to the active sites of organic ligands. With increase of H+ concentrations,
the active sites of the organic ligands are occupied by H+ ions via release of free metal ions.
Likewise, Stockdale et al. (2016) calculated the availability of free metal ions using a chemical
speciation model under IPCC scenario 4 (considering peak emission) and revealed a 1.5 times
increase in free Cu ions by the year 2100. The second factor that may reduce trace metal availability
is less amount of weak metal ion complex formation under high H+ concentrations (Xu et al. 2012).
Coastal waters receive significant amount of trace metals from different anthropogenic
sources like antifouling paints, industrial and transport pollution (Nriagu, 1989). In general trace
metals like Cu can negatively impact marine phytoplankton growth (Lopez et al. 2019) above a
certain level. However, some phytoplankton species may have special physiological mechanisms to
grow under toxic Cu levels. For instance, Cu toxicity varied linearly with increasing distance from
the coast in the BoB, indicating higher resilience of the coastal phytoplankton under Cu stress than
the offshore offspring (Biswas and Bandyopadhyay, 2017). Recently, the co-occurrence of Cu
pollution and harmful algal bloom was observed in the coastal waters (Wells et al. 2015). Similarly,
Paytan et al. (2009) have shown that urban aerosols could be a potential source of Cu causing toxic
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effects on marine phytoplankton. Moreover, coastal waters in the southwest coast of India get
naturally CO2 enriched due to SW monsoon induced upwelling and Rejomon et al. (2009) reported
quite high values of dissolved Zn (15±4.9nM) and Cu (21±5.6nM) in the offshore and shelf waters
from this region which also receives substantial amount of urban aerosol (Kalapureddy et al., 2009).
Such aerosols can have high anthropogenic Zn and Cu enrichment as reported by Gaonkar et al.
(2019) in the atmospheric particulate matter collected over a coastal city next to the eastern AS.
Hence, natural CO2 enrichment and addition of trace metals in the western Indian shelf waters may
collectively impact phytoplankton growth. The experimental evidences on the responses of marine
phytoplankton to such combined stressors are rare from this area. The present study was undertaken
1) to assess the impacts of increasing CO2 supply and 2) to understand the combined impacts of
increasing CO2 as well as Zn and Cu addition on the growth, physiology and community
composition of a phytoplankton population from AS upwelling region. .
Material and methods:
Onboard water sample collection and phytoplankton stock culture development:
Two consecutive experiments (Exp I and Exp II) were conducted onboard [RV Sindhu
Sadhana (SSD 40)] during the SW monsoon (August 3 -31, 2017). Exp I was carried out to assess the
impact CO2+Zn enrichment and Exp II addressed the effects of CO2+Cu on the experimental
phytoplankton community. All bottles (transparent polycarbonate, Nalgene, USA) used in this
experiment were washed with 10% HCl followed by repeated MQ (Millipore) wash and were kept
tightly closed inside the individual zip lock bags.
Surface seawater (2m depth) was collected from a coastal station (10.52N, 75.16E; Fig. 1a)
by using a NISKIN water samplers attached to a CTD-rosette and transferred to acid (10% HCl)
cleaned polycarbonate bottles (Nalgene, USA). For analyzing background trace metal
concentrations, immediately after collection, the seawater samples were filtered (Polycarbonate
membrane Millipore, 0.45µm, 47mm) followed by acidification (ultra-pure HNO3 pH <2.0). In
laboratory (NIO, Goa), the acidified seawater samples were diluted (100 times) with extra-pure water
and the dissolved trace concentrations measured without matrix separation with High Resolution
ICP-MS (Model: Nu instrument Attom ES) equipped with micro-nebulizer (Rodushkin and Ruth,
1997) using

103

Rhsolution as internal standard. International Certified Reference Material SLEW-3

(estuarine water from NRC, Ottawa, Canada) was used to check the accuracy of the method and
showed a good agreement with the certified values (within 95% confidence; precision>5.0%).
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The bulk (90L) seawater (filled in clean bottles) was kept inside a dark temperaturecontrolled room (4C) until used. This water was filtered through GF/F (Advantec, Japan) filters to
remove all biomass and collected into eight (9L) bottles for the main experiments. The intention of
removing the initial biomass was to monitor the particulate organic carbon (POC) development
without any interference of the existing POC (alternative of synthetic seawater). This also removes
the degradation effect of the heterotrophic bacteria which may perturb the DIC system. The same
practice has also been adapted for our earlier experimental work from Indian coastal waters (Biswas
et al. 2017; Shaik et al. 2017). The natural trace metals concentrations also allow mimicking the
natural environment more accurately. It is important to note that for these experiments, the natural
phytoplankton community has been modified. Indeed, in order to avoid the impact of natural grazers
inside the experimental bottle, an artificial bloom was initiated onboard under the manipulated
conditions. We noticed during our earlier experiments that any trace metal enrichment may lead to
decreasing grazer and higher phytoplankton biomass accumulation (Biswas and Bandyopadhyay,
2017). Such trend cannot be attributed to growth-stimulating impact and would shadow the real
impact of metals on phytoplankton physiology that we want to focus on here.
In order to initiate a mixed phytoplankton bloom, the natural seawater sample was
concentrated on a polycarbonate membrane filter (2µm, 47mm, Millipore) without applying any
pressure. This concentrated mass was mixed with some ambient seawater and kept in a clean bottle.
The initial nutrient concentrations were measured and found to be quite low (DIP <0.5µM; DSi and
nitrate+nitrite<2µM). Simultaneously, 5L water was filtered (GF/F, Advantec Japan) using an acid
cleaned glass filtration unit inside a clean bench and supplemented with nitrate (NO3), silicate
(Si(OH)4; DSi) and phosphate (PO4; DIP) (Table 1). This water was uniformly distributed into two
2L bottles. The concentrated biomass was used as inoculums and was added (10ml) to each bottle.
These bottles were kept closed inside a water bath under natural day-night cycle for phytoplankton
growth on deck. The light intensity was manipulated by using a black nylon mesh to mimic the light
intensity reaching at 2m depth (Fig. 1b). A Lux-meter was used to measure sunlight variability on
hourly basis (Fig. 1b) and was converted to µmol Einstein m-2 s-1 by following the reference of
Thimijan et al. (1983). Water in the water bath was renewed through a continuous flow to maintain
the average in situ temperature (28°C). The bottles were mixed gently once per day. After 72 hours,
thick phytoplankton growth was noticed dominated by diatoms like Chaetoceros, Leptocylindrus,
Nitzschia and Pseudo-nitzschia. Please note that we do not claim to represent a natural community
for this experiment, however this diatom composition is consistent with the most common bloom
forming diatoms reported from this region.
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Setting up the main experiment and carbon chemistry measurements:
A schematic plan of the experiment is shown in Fig. 2. Out of eight filled bottles with filtered
seawater, four bottles were used as ambient CO2 treatments (A-CO2) without changing the carbon
chemistry. During the filtration process, the CO2 levels were equilibrated with the normal
atmospheric CO2 levels. High CO2 treatments (H-CO2) were achieved by bubbling pure CO2 gas
from a CO2 cylinder in another four bottles with an acid cleaned tubing (Tygon). pH drop was
initially monitored till 7.8 using a pre-calibrated pH meter (Systronics, India; with standard buffers
of pH 4, 7 and 9 from Merck chemicals, USA). The targeted H-CO2 levels were 1000µatm.The
final pH and pCO2 values were calculated later using the total alkalinity (TA) and dissolved
inorganic carbon (DIC) values. DIC and TA samples were collected immediately in acid cleaned
glass bottles without head space and preserved with few drops of saturated HgCl2 solution and stored
at room temperature till analysis. TA was measured by potentiometric titration against 0.1N HCl
using a pH meter (Systronics 362, India) (Bradshaw and Brewer, 1998).The Dickson international
reference material (Batch 131) was used and the average error was < 2% of this measurement. DIC
was measured using a coulometer attached to an acidification module (UIC-CM 5015) against the
certified reference material (Dickson batch 170). The average error of this measurement was <5%
during the analyses. CO2SYS (Pierrot et al., 2006) was used (pH in NBS scale and K1, K2 from
Mehrbach et al., 1973 refit by Dickson and Millero, 1987) to calculate the pCO2 and pH values using
TA and DIC value.
All bottles were filled without any headspace and kept closed for further trace metal and
phytoplankton biomass addition. In Exp-I, Zn (1nM) was added from ZnSO4 (Merck, Germany)
stock solution prepared in trace metal free deionized water without any chelating agent. Thus, a total
four sets of bottles in triplicate were made as follows: 1) A-CO2, 2) A-CO2+Zn, 3) H-CO2and 4) HCO2+Zn (Fig. 1c).Only one Zn level was used because the phytoplankton biomass was not enough to
repeat another level with replicate. In Exp-II, three different concentrations (1nM, 2nM and 8nM) of
Cu (from standard CuCl2, 2H2O solution) were used in both A-CO2 and H-CO2 mediums (Fig. 2).
Finally, the phytoplankton biomass (10ml) was added to each bottle inside a clean bench with the
help of a sterile pipette and kept closed. These bottles were incubated inside the water bath following
the same protocol as followed for the stock culture. Each bottle was mixed gently everyday by 10:00
am to avoid biomass settling at the bottom. After 3 days of incubation, subsamples were collected
from each bottle for all parameters and preserved for analysis. Nutrients were analyzed onboard
following the standard colorimetric protocols (Grasshoff et al., 2009) using a Spectrophotometer
(UV–Vis 1800, Shimadzu, Japan).
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Chla was determined by fluorometric method (Strickland and Parsons, 1972) using a
Turner’s fluorometer (Trilogy R Laboratory Fluorometer) and Chla standard (Sigma Aldrich, USA).
Phytoplankton cell density was counted using 3ml of preserved sample (Lugol’s iodine; 1%; w/v) in
an Utermohl counter (Hydrobias Kiel, Germany) under a Nikon (Ti2) inverted microscope. Growth
rate was calculated using the following formula:
Growth rate (µcell based day−1) = [LN (Final cell number) – LN (Initial cell number)]/day.
Cellular carbohydrate content was determined spectrophotometrically following the method of
Hedge et al. (1962) using sulfuric acid-Anthrone. Cellular protein content was estimated following
Lowry’s colorimetric method (Lowry et al., 1951) using Folin-Ciocalteu’s solution. POC and
13CPOC were analyzed following the protocol of Sharp et al. (1974) using an elemental analyzer
(Thermo Fisher, Flash HT) coupled to an isotopic ratio mass spectrometer (Thermo Fisher, Delta)
against the standard reference materials from NIST, Maryland, USA at Alyses analytical platform
(Bondy, France). The certified value for 13C was traceable to IAEA-CH-6 (IAEA, Vienna)
(calibrated to Vienna PDB). The results of 13CPOM were calculated using the following formula:
13CPOC =[{(13C/12C) sample/(13C/12C)standard}-1]*1000
Biogenic Silica (BSi) content was analyzed spectrophotometrically following the method described
by Paasche (1973).
Two-factor ANOVA(with replication) tests were carried out to check the level of significance (95%)
and probability values (p) against the impacts of increasing CO2 supply as well as Cu and Zn on
phytoplankton community.
Results
The initial and final values of carbon chemistry parameters along with nutrients
concentrations are shown in Table 1. The initial dissolved Zn and Cu concentrations were 4.7±1.4nM
and 11±3nM, respectively. Both experiments started with a very low cell density as targeted (<100
cells mL-1). After 3rd day of incubation, a thick algal biomass developed coupled with depleted
nutrient concentrations in all media of both experiments. The targeted pCO2 value was close to 1000
µatm (pH 7.8). In Exp-I, the estimated pCO2 was 400 µatm in the A-CO2 (pH of 8.17) and 943
µatm in H-CO2 (pH 7.87) treatments (Table 1). During Exp II, the CO2 level was 400µatm (pH8.17)
under A-CO2 and 1000 µatm (pH 7.84) in the H-CO2 treatments (Table 1). Like other closed batch
culture experiments, here also significantly increased pH values were noticed in the final samples. In
Exp-I, the magnitude of pH enhancement was relatively higher than it was noticed in Exp-II (Table
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1). The difference between the final pH/pCO2 values of A–CO2 and H-CO2 treatments was quite
small. This may lead to a question that if the observed growth response in the final samples can still
be attributed to variable CO2 levels. However, we argue that the maximum growth/biomass
accumulation takes place during the log phase (usually noticed on day 3 for our coastal
phytoplankton communities), followed by nutrient exhaustion and cessation of growth. We collected
the samples on 4th day which is likely to be the end of log phase and beginning of the decelerating
phase. Therefore this is likely that till the log phase, pH values remained stable and decreased only
after major photosynthetic DIC drawdown happened. This means that the major part of biomass
development occurred before pH value increased at H-CO2 levels and the impacts of two different
CO2 level are still valid for this experiment.
The results are discussed individually in relation to CO2 and trace metals in the following
sections.
Exp I
Impacts of CO2
In Exp-I, H-CO2 treatment exhibited a higher (p<0.05) cell density (Fig. 3a) and growth rate
(Fig. 3b) than that of A-CO2 level. The bulk Chla concentrations (Fig. 3c), Chla per cell content (Fig.
3d) and total carbohydrate (Fig. 3e) concentrations did not show any appreciable difference in
response to varying CO2 level. However, carbohydrate content per cell (Fig. 3f) decreased by 48%
under H-CO2 condition (23.2±7.9 pg cell-1) compared to A-CO2 treatment (44.8±6.3 pg cell-1). But
this trend was not statistically significant (p>0.05). Protein concentrations (Fig. 3g) were not
considerably different between A-CO2 and H-CO2 treatments but CO2 seemed to increase protein
contents per cell (Fig. 3h) and decrease carbohydrate to protein ratio (Fig. 3i) (p< 0.01). Total POC
concentrations (Fig. 3j) and POC content per cell (Fig. 3k) in A-CO2 treatment were 186±17 µmol L1

and 57.13±6.05 pg C cell-1, respectively and these values showed slight reduction underH-CO2

treatment (164±9.4µmol L-1; 32.3±3.2 pg C cell-) however, the two-factor ANOVA revealed no
significant trend (p>0.05). The concentrations of BSi (Fig. 3l) and BSi content per cell (Fig. 3m)
were 6.3±3.7 µmol L-1 and 150±63fmol cell-1, respectively under A-CO2 level. These values did not
show any statistically significant difference under H-CO2 level. δ13CPOM (-20.911±0.67‰) values
from A-CO2 treatment (Fig. 3n) did not show any significant change under H-CO2 treatment (20.45±0.35‰).
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Impact of Zn
Zn addition under A-CO2treatment did not exert any significant change in cell number (Fig.
3a), growth rate (Fig. 3b) and Chla concentration (Fig. 3c). On the contrary, under H-CO2 treatment,
addition of Zn resulted in 2.5 times decreased cell density and 15% reduction in growth rate
(p<0.05). Chla content per cell remained unchanged in response to Zn addition under A-CO2 levels
but the combined effects of increasing CO2 and Zn addition resulted in an increase of 139% of Chla
content per cell (Fig. 3d) (p<0.05). Zn addition showed no significant difference in total
carbohydrate concentration (Fig. 3e) and carbohydrate content per cell (Fig. 3f) in any CO2 level.
Total protein concentrations (Fig. 3g) and protein contents per cell (Fig. 3h) were not affected by Zn
addition under A-CO2 level. However, they increased significantly from 14.6±3 pg cell-1 to 50.4±8.4
pg cell-1 after the addition of Zn under H-CO2treatment (p<0.001). The carbohydrate to protein ratio
(Fig. 3i) under A-CO2 (2.04±0.6) and A-CO2+Zn (1.9±0.5) were not significantly different (p>0.05).
Conversely, H-CO2+Zn treatment showed 42% decrease in carbohydrate to protein ratio than that
found in H-CO2level (p <0.05). BSi concentrations (Fig. 3j) and BSi contents per cell (Fig. 3k) in ACO2 and H-CO2 treatment were almost similar when Zn was added. Total POC concentrations (Fig.
3l) and POC contents per cell (Fig. 3m) did not vary in response to Zn addition under A-CO2blevel;
however, under H-CO2 level, Zn addition showed a significant increase in POC content cell-1 (Fig.
3m). δ13CPOM was -20.91±0.67‰ (Fig. 3n) under A-CO2 treatment and did not change significantly
after Zn addition (-20.48±0.82‰). Under H-CO2 level this value was -20.45±0.35‰ and showed 1.1‰ depletion in H-CO2+Zn treated samples, however, this change was not statistically significant
(p>0.05).
Exp II: Impacts of CO2
In this experiment, cell density (Fig. 4a), growth rate (Fig. 4b), Chla concentrations (Fig. 4c),
per cell Chla content (Fig. 4d), total carbohydrate concentrations (Fig. 4e) and per cell carbohydrate
content (Fig. 4f) did not show any significant difference in response to increasing CO2 levels
(p>0.05). Similarly, total protein concentrations (Fig. 4g) and protein contents per cell (Fig. 4h)
showed insignificant change between A-CO2 to H-CO2 treatments. Carbohydrate to protein ratio
(Fig. 4i) (0.91±0.09) under H-CO2 level was 31% (p< 0.05) lower than that ofA-CO2.BSi
concentrations (Fig. 4j) along with BSi content per cell (Fig. 4k) did not show significant difference
under A-CO2 and H-CO2 levels. POC concentrations in A-CO2 (245±39 µmol L-1) and H-CO2
treatment (236±3 µmol L-1) (Fig. 4l) and POC content per cell (Fig. 4m) did not differ significantly.
The δ13CPOM value was -23.59±0.05 ‰ (Fig. 4n) under A-CO2 treatment and increasing CO2 supply
showed a slight but not significant depletion under H-CO2level (-23.66 ±0.3‰). The average values
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of δ13CPOM under A-CO2 and ACO2+Cu treated samples were relatively enriched than that of HCO2
and HCO2+Cu treated samples. Two-factor ANOVA showed that the impact of CO2 was significant
(p<0.05).
Impacts of Cu
Cu addition exerted a significant difference in only few parameters (Fig. 4a -4n). 8nM Cu
addition under H-CO2 treatment enhanced per cell Chla content from 171± 40 fg cell-1 to 339±49 fg
cell-1 (p<0.001). A similar trend was also seen under A-CO2 level. The two-factor ANOVA test
showed this increase as significant (p<0.001). Carbohydrate concentrations (Fig. 4e), carbohydrate
content per cell (Fig. 4f), protein concentrations (Fig. 4g) were comparable under A-CO2 and HCO2levels with Cu addition. Two-factor ANOVA showed that Cu addition made strong impact on
protein contents per cell (Fig. 4h) and carbohydrate to protein ratio (Fig. 4i) (p< 0.01). BSi
concentrations did not show any significant change by Cu treatment under A-CO2 and H-CO2 levels
(Fig. 4j). The slight decrease in BSi content per cell from H-CO2 (1.5±0.5 fmol cell-1) (Fig. 4k) to HCO2+8nM Cu treated samples (2.4 ±1.01 fmol cell-1) was not statistically significant (p>0.05).The
final POC concentration was 200µmol L-1; there was no significant impact of Cu addition (1nM 8nM) (Fig. 4l) under A-CO2and H-CO2 levels. POC content per cell (Fig. 4m) showed significant
changes in response to Cu addition under A-CO2 and HCO2 levels (p<0.05). The average δ13CPOM
value in the H-CO2+Cu added samples (-23.8‰) more depleted from the values noticed under HCO2 (-23.66‰) (Fig. 4n) (). Under 8nM Cu treated samples in H-CO2 condition, a significant
depletion was noticed in δ13CPOM values (-24.05‰); two-factor ANOVA results showed that Cu did
not make any significant impact on δ13CPOM values (p>0.05).
Phytoplankton Community response
The phytoplankton community was mostly dominated by diatoms as confirmed by both
microscopy and HPLC (data not shown here). Due to dilution effects the presence of grazers like
small ciliates was minimized and microscopic examination showed no signs of ciliates in the
incubations. Overall, in Exp-I, centric diatoms dominated (86%) the initial community and they
remained dominant (74%) in the post incubation samples with slight reduction. The ratio of centric to
pennate diatom was 6.14 and reduced to 3 under A-CO2 and A-CO2+Zn treatments. Hence, Zn
addition under A-CO2 treatment showed little or no impact on this ratio. Interestingly, under H-CO2
levels, centric to pennate ratio was higher (> 4.1) indicating preferences of H-CO2 by some centric
diatoms. Two-factor ANOVA showed that CO2 has significant impact on this ratio (p<0.001).
Microscopic analysis revealed that during Exp I, the initial phytoplankton community (Fig. 5a) was
10

dominated by Chaetoceros (79.3%) followed by Pesudo-nitzschia(7.3%), Nitzschia (5.47%),
Leptocylindrus (4.7%) and Skeletonema(2.16%). In the post-incubated samples, Chaetoceros
remained as a major genus, although its relative abundance decreased slightly (10%) in all
treatments (Fig. 5a). Interestingly, the toxigenic pennate diatom Pseudo-nitzschia abundance doubled
under H-CO2 and H-CO2+Zn treated samples and tripled in A-CO2 and A-CO2+Zn treatments from
its initial abundance. Nitzschia abundance decreased to almost half in all final samples.
Leptocylindrus abundance also decreased to almost 30% in all the treatments, except under HCO2+Zn treated samples where it doubled than its initial value. Skeletonema showed more than 70%
increase under A-CO2 and A-CO2+Zn treatments and 2 and 3 fold increase in H-CO2 and H-CO2+Zn
treated samples, respectively from its initial value.
Exp-II was conducted one week after Exp-I and the phytoplankton stock culture was
maintained under the same condition onboard. A significant change in the community took place
within this gap and the pennate diatoms became the dominating group. Initially, in Exp-II the ratio of
centric to pennate diatoms was 0.55. This ratio decreased to0.23±0.12, 0.18±0.03, 0.21±0.04 and
0.33±0.39 at A-CO2, A-CO2+1nM Cu, A-CO2+2nM Cu, A-CO2+8nM Cu, respectively in the final
samples. In the initial community (Fig. 5b) Nitzschia dominated (62%) followed by Leptocylindrus
(34.5%), Pseudo-nitzschia (2%) and Chaetoceros (0.3%). Nitzschia showed 24% (Fig. 5b) higher
abundance under A-CO2level and remained same as the initial value in all Cu-treated samples (Fig.
5b). The changes in centric to pennate ratios under H-CO2 levels (0.35±0.2; 0.±0.19; 0.31±0.2 and
0.13±0.06 at H-CO2, H-CO2+1nM Cu, H-CO2+2nM Cu, H-CO2+8nM Cu, respectively) were not
significantly different (p>0.05) from the values noted at A-CO2 levels (with and without Cu).
Contrary to Exp-I, neither Cu nor CO2 levels showed statistically significant change in centric to
pennate ratio. UnderH-CO2 levels, there were marginal changes in Nitzschia abundance without any
significant trend. In this experiment the second abundant diatom was Leptocylindrus which
decreased to half at the end of experiment in both A-CO2 and A-CO2+Cu treated samples. In the HCO2 treatment, Leptocylindrus showed almost 32% decrease followed by a sharp decline (23 to 9%)
under H-CO2+Cu treated samples. Pseudo-nitzschia was one of the least abundant species in this
experiment and showed comparable abundance under initial and A-CO2 level. This genus showed 810 times increased abundance in all Cu-treated samples under both CO2 levels. In H-CO2,HCO2+1nM Cu,H-CO2+2nM Cu and H-CO2+8nM Cu-treated samples, there were 4, 14, 9 and 7 times
increase in Pseudo-nitzschia abundance, respectively from its initial value. Chaetoceros was the least
abundant species and became almost undetectable under A-CO2 treatment and at very low
concentration in all Cu treated samples (< 1%). Under H-CO2 level, Chaetoceros abundance
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decreased by 33%and increased again by 2.5 to 8 times in the H-CO2+ Cu treated samples. These
changes resulted in an increase of the centric to pennate diatom ratio to 0.2 and 0.35 under A-CO2
and H-CO2 treatments. Addition of Cu under A-CO2 level did not show any significant trend in this
ratio. The addition of 1 and 2nM Cu under H-CO2 level showed negligible changes of centric to
pennate ratio which was reduced to 0.13 under H-CO2+8nMCu treatment with highest (83.8%)
pennate diatom abundance.
Discussion
Phytoplankton community response to increasing CO2
Phytoplankton community compositions were quite different during the two experiments. In
both the experiments the effect of elevated CO2level/lower pH neither showed any significant
beneficial impact nor any growth inhibition on the phytoplankton community. However there were
significant changes in the community composition clearly indicating that increasing CO2 levels can
favor certain phytoplankton species. Similarly, the addition of Zn and Cu may facilitate different
diatom species under low pH condition. Phytoplankton from coastal, upwelling and estuarine waters
are expected to be well acclimatized to a wide range of pH and CO2levels (Bénard et al., 2018; Li,
Wu, Hutchins, Fu and Gao, 2016). In Exp-I, CO2 induced increase of cell density was probably due
to enhanced rate of cell division of the dominating centric diatoms Chaetoceros, Leptocylindrus and
Skeletonema whilst,in Exp-II Leptocylindrus showed higher abundance at elevated CO2 level. Such
CO2 dependent community shift indicated that under elevated CO2 level, the centric diatoms
probably gained some energetic benefit to outcompete the smaller species. Replacement of small
pennate diatom (Cylindrotheca) by the large centric diatom (Chaetoceros) under elevated CO2 level
was also reported by Feng et al., (2010) and Tortell et al. (2008) noticed a similar trend where the
small pennate diatom (Pseudo-nitzschia) was replaced by Chaetoceros under H-CO2 condition.
Under a low pCO2 level in surface water smaller pennates may grow better with higher surface area
to volume ratios which possibly help to ease DIC acquisition (Tortell et al., 2008). This also explains
the higher centric:pennate ratio, observed under elevated CO2 levels. During Exp-II, the absence of
increased cell division was probably due to a different diatom community dominated by pennates.
Impact of increasing CO2 on phytoplankton growth
In the present experiment, there was no signature of enhanced photosynthesis or growth
stimulation on any of the biomass indicators (POC, protein, carbohydrate, Chla) due to CO2
enrichment. Insignificant changes in BSi contents along with POC to BSi ratios under H-CO2levels
indicated negligible impact of changing CO2 levels on the growth and physiology of this
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phytoplankton community. A similar response was also noticed in other studies (Feng et al., 2009; Li
and Campbell, 2013; Li et al., 2016; Shaik et al., 2017; Biswas et al., 2017). The impacts of
increasing CO2 supply on phytoplankton photosynthetic performances are directly linked to DIC
acquisition and its energy costs. The main carboxylating enzyme RubisCO shows very low affinity
towards CO2 (Falkowski and Raven, 2007) and the half saturation constant of RubisCO for CO2 is
almost 40µmol kg-1(Badger et al., 1998).However, the concentrations of dissolved CO2 in the surface
oceans areonly10-12µmol kg-1 and thus may limit optimum photosynthesis in marine phytoplankton
(Riebesell et al., 1993). Nevertheless, this may largely depends on the diatom species dominating the
community since there is a high diversity in diatom Carbon Concentration Mechanisms (CCMs;
Young et al. 2016). Additionally, due to high concentration gradient across the cell wall, a significant
amount of cellular CO2 can be lost through diffusion. In order to attain optimal photosynthetic rate,
marine phytoplankton developed CCMs, an energy consuming process to increase CO2 level in the
vicinity of RubisCO (Badger et al., 1998; Reinfelder, 2011). In this process phytoplankton cell
accumulate DIC in the form of bicarbonate ions (HCO3-) at the cost of energy (Reinfelder, 2011).
Therefore, it has been hypothesized that ongoing increase in the CO2 levels may enhance diffusive
CO2 influx as well as reduce CO2 loss from the cell and the CCMs related energetic costs can be
down regulated (Sommer et al., 2015) leading to higher growth (Reinfelder, 2011). However, the
experimental evidences from different marine habitats reported highly diverse responses of
phytoplankton to increasing CO2 levels.
A number of laboratory-based studies showed an enhanced photosynthetic rate, storage
carbohydrate and POC contents (Biddanda and Benner, 1997; Biswas et al., 2017; Shaik et al., 2017)
in response to increasing CO2 level in marine phytoplankton. But at the same time, many authors
reported that under elevated CO2 condition, the growth and photosynthetic rate of marine
phytoplankton remained unaltered (Eberlein et al., 2017; Feng et al., 2009; Gao et al., 2017; Hoppe;
Keys et al., 2018; Zhang et al., 2018). Recently, Hoppe et al., (2018) have shown that the Arctic
phytoplankton species displayed extreme plasticity to changing CO2 levels and seem to have a strong
cellular mechanism to counteract the impacts of OA. Likewise, the present experimental community
showed high resilience to increasing CO2 levels with equal amount of carbon biomass accumulated
under A-CO2 and H-CO2 levels. Further, no significant depletion of 13CPOM values in response to the
increased CO2 levels in the first experiment suggest that DIC was possibly consumed as bicarbonate
ions but not as dissolved CO2. Less discrimination in 13CPOMvalues is usually seen when grown on
bicarbonate e.g. as in coastal diatoms (Tortell et al., 2002). This observation also suggested that upon
the supply of increasing CO2, the cells probably did not make any energetic savings and hence, there
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was no energetic benefit related to CCM cost down regulation. Conversely, during the second
experiment, H-CO2 seemed to induce depleted 13CPOMvalues; however, this may be also due to
slower growth while countering the low pH effect and change in the community composition. Since
dark respiration rate was not measured, this is difficult to state how the community responded to low
pH. Nevertheless, it is clear that phytoplankton cells were well acclimatized to a CO2 enriched
environment probably as a result of living in an upwelling area for a prolonged time. Hence, the
projected CO2 levels may not alter the photosynthetic performance in this phytoplankton community.
Impacts of Zn addition
The addition of Zn under A-CO2condition showed insignificant effects on growth and
community structure of the experimental phytoplankton community. This suggested that Zn has
neither growth stimulating nor inhibitory effects. Excess of Zn did not alter the centric to pennate
ratio either in A-CO2 or H-CO2levels. However, additional Zn supply was found to be deleterious for
cell division in H-CO2 treatment. The binding of trace metal ions to the cell surface and their uptake
is controlled by H+ concentrations (Macfie et al., 1994). Increase in Zn bioavailability with
decreasing pH was reported in coastal waters by Kim et al. (2016). Under low pH, the bioavailability
of Zn may increase due to the competition of natural ligands and H+ ions to bind with the metal ion
(Millero et al., 2009). When the concentrations of H+ increase, there will be simultaneous release of
free Zn ions that may potentially increase cell bound Zn ions and can inhibit cell division. Usually,
cell membrane bound Zn ions interrupt Ca uptake and thus inhibit the Ca-ATPase activity necessary
for cell division (Stauber and Florence, 1990). In contrast, the photosynthetic rate was unaffected
with excess Zn. The drawdown of DIC under low pH/high CO2 levels with and without Zn addition
was comparable supporting that Zn addition did not inhibit carbon uptake and photosynthetic rates.
However, the fixed carbon was accumulated within the cells since they could not divide and resulted
in the accumulation of photosynthetic products and increase of cell size. This also explains for
significantly higher Chla, protein and POC contents per cell under H-CO2+Zn treatments. The metal
treated cells presumably enlarged because of an uncoupling between photosynthetic and cell division
rates (Fisher et al., 1981).Addition of Zn was shown to reduce the cell division rate byhalf at 1nM
level in the marine diatom, Nitzschia closterium; however, the photosynthetic and respiratory
performances still remained unaffected even when the concentration raised up to 7nM (Stauber and
Florence, 1990). Slow growth rate was also supported by the depleted values of 13CPOM (Burkhardt
et al., 1999) under H-CO2+Zn than that of only H-CO2 treatment. Considerable increase in protein
concentration under H-CO2+Zn treatment suggested synthesis of some stress related protein in order
to reduce metal toxicity. Rijstenbil et al. (1994) reported that Zn may indirectly stimulate antioxidant
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protein activity in marine diatom. Stauber and Florence, (1990) also reported an enhanced production
of thiol (SH) and glutathione concentrations in the Zn treated cells as compared to the untreated
cells. Moreover, the energy required to detoxify cellular Zn may also toll on the energy that is
allocated to cell division (Stauber and Florence, 1990).
Here, increased abundance of the centric diatoms Leptocylindrus and Skeletonema under HCO2+Zn treatment indicated that these diatoms can counteract Zn toxicity and may also benefit from
Zn addition. Pseudo-nitzschia showed higher sensitivity to Zn toxicity under H-CO2 level; whereas,
Chaetoceros revealed higher tolerance to Zn relative to other species. Dominance of Skeletonema
under H-CO2+Zn treatment was also found in the samples from Bay of Bengal (Biswas et al., 2017).
Skeletonema and Chaetoceros bloom was reported from polluted harbors (Raman, 1995) and coastal
waters (Shaik et al., 2015) indicating their ability to tolerate high pollutant level.
Impacts of Cu addition
Cu stress can be highly deleterious for algal cells in general (Morin et al. 2012; Masmoudi et
al. 2013; Lopez et al. 2019) and physiological functioning can be hindered to a considerable level in
marine diatoms (Manimaran et al. 2012; Morin et al. 2012). However, in the present experiment,
unlike Zn, the treatment with excess Cu at A-CO2 and H-CO2 levels seemed to exert no significant
impact on phytoplankton growth. In both CO2levels, the concentrations of Chla, POC and
carbohydrate were comparable among different Cu treated samples suggesting no significant impact
of Cu on photosynthetic performance. Dissolved Cu concentration in the experimental seawater was
quite high (11nM). Rejomon et al (2009) reported almost double values of Cu and Zn concentrations
in the shelf waters of AS (close to our sampling stations) during Sept-Oct. The phytoplankton
community seemed to be well acclimatized to such Cu concentrations and probably therefore no
major changes in the growth rate and photosynthetic performance was noticed. Usually, at elevated
Cu levels, the generation of reactive oxygen species (ROS) inside algal cell may create high
oxidative stress (Knauert and Knauer, 2008; Masmoudi et al. 2013). As a defense mechanism,
diatoms synthesize various antioxidant proteins (Manimaran et al. 2012) which were also noticed in
a coastal diatom under Cu stress from SW coast of India (Anu et al., 2016). In the present
experiment, the increased per cell protein contents and reduced carbohydrate to protein ratio in HCO2+Cu treated cells could be due to synthesizing such proteins.
At toxic levels, Cu can significantly inhibit silicate uptake rate in marine diatoms
(Manimaran et al. 2012) because Cu and Si compete for the same protein transporter during the
cellular transport process (Morel et al., 1978; Rueter et al., 1981). Particularly, when Si:Cu ratio
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decreases due to increasing Cu levels, the chances of inhibition is more. Earlier studies also showed
that at elevated Cu levels, BSi formation was significantly hampered (Biswaset al., 2013; Biswas and
Bandyopadhyay, 2017). However, in this study imperceptible reduction in BSi concentrations and
cellular BSi quota in response to Cu addition under A-CO2 and H-CO2 levels also suggested
insignificant toxic impacts of Cu on silicate uptake and its metabolism in the experimental
phytoplankton community. The POC to BSi ratio remained unchanged suggesting photosynthetic
carbon accumulation and silicification were mostly unaffected by the experimental conditions. Thus,
this finding supported the view that the experimental diatoms community possesses the physiological
mechanisms to counteract Cu toxicity probably due to living in a Cu enriched environment
Albeit of the fact that Cu did not impact phytoplankton growth in general, the impacts on
community shift was considerable. The physiological responses of diatoms to metal contaminations
are usually alike, however, the responses of the community seem to be different (Morin et al. 2012).
The combined effects of Cu pollution and OA have been shown to be detrimental for the early
microscopic life stage of a kelp species (Leal et al., 2018).The centric diatom Leptocylindrus showed
high sensitivity to both H-CO2 and Cu. In contrast, the pennate diatom Nitzschia showed its high
potential to cope-up with elevated Cu levels and could be the reason for forming bloom in the
upwelling and polluted waters (Morin et al. 2012). In our study, the abundance of toxigenic pennate
diatom Pseudo-nitzschia showed significant increase with increasing Cu levels under both A-CO2
and H-CO2 treatments showing its higher level of acclimatization capability under Cu stress. The
potential algal toxin, domoic acid, produced by Pseudo-nitzschia, is a Cu chelator (Lelong et al.,
2012) and this probably helps them to survive under high Cu concentrations (Lelong et al., 2012).
Schnetzer et al., (2013) reported the occurrences of consecutive Pseudo-nitzschia bloom in relation
to upwelling events in the Los Angeles coastal waters. Both H-CO2 and elevated Cu levels have
shown to facilitate Pseudo-nitzschia growth (Feng et al., 2009; Lelong et al., 2012; Tatters, Fu and
Hutchins, 2012). Sun et al. (2011) showed that domoic acid producing strain of Pseudo-nitzschia
responded positively to increasing CO2 levels. Moring et al. (2017) monitored the combined effects
of Cu toxicity and warming on a diatom biofilm over a six weeks period. The authors observed that
the toxic impacts of Cu were intensified under future warming scenario showing the possibility of
increasing metal toxicity in a future warmer world. These observations collectively indicate that
increasing Cu pollution along with OA and other stresses like warming or nutrient limitation may
introduce significant changes in the diatom diversity. The growth of the toxin producing species like
Pseudo-nitzschia can be facilitated in future in coastal waters and may adversely impact the
ecosystem (Feng et al., 2009; Wells et al. 2015). More experimental evidences are necessary to
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precisely assess the impacts of the projected increase in coastal pollution combined with the
projected changes of temperature, carbon chemistry and pH.
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Table 1: Initial and final values of carbon chemistry and dissolved inorganic nutrients under
experimental conditions during Exp-I and II (values ± SD; n = 3). Since we had used the same bulk
seawater, the TA values were identical for both experiments. Please note that TA values presented
here is the average of all initial and final samples (n =38) from both experiments (there was no
significant difference between the final and initial TA values). “ND” indicates not detectable. The
concentrations of Zn and Cu in the natural water were 4.7±1.4nM and 11±3nM, respectively.
Parameters
Exp-I

PCO2

(Zn)

(µatm)

pH

TA

DIC

DIN

DIP

DSi

(µmol kg-1)

(µmol kg-

(µmol kg-1)

(µmol kg-

(µmol kg-1)

1)

Initial

Final

A-CO2

406±6

8.17±0.01

2250±15

1939±3

H-CO2

943±166

7.87±0.07

2250±15

2093±28

A-CO2

178±20

8.40±0.04

2250±15

1791±29

A-CO2+Zn

182±14

8.39±0.03

2250±15

H-CO2

212±9

8.32±0.01

H-CO2+Zn

215±32

A-CO2

1)

11.7±0.06

1.77±0.03

12.03±0.04

0.43±0.39

0.14±0.02

4.69±0.21

1797±19

2.36±1.73

0.06±0.02

1.69±0.32

2250±15

1844±9.5

0.76±0.21

0.13±0.0

1.48±0.22

8.33±0.05

2250±15

1836±35

1.32±1.09

0.10±0.02

0.84±0.04

409±15

8.17±0.01

2250±15

1942±5.5

H-CO2

998±17

7.84±0.007

2250±15

2106±2.7

11.05±0.62

1.09±0.03

11.60±0.04

A-CO2

255±16

8.33±0.02

2250±15

1839±15

0.073±0.04

ND

ND

A-CO2+1nM Cu

322±24

8.25±0.026

2250±15

1891±17

0.21±0.15

ND

0.89±0.06

A-CO2+2nM Cu

323±14

8.25±0.015

2250±15

1892±9.4

0.10±0.078

ND

0.72±0.09

A-CO2+8nM Cu

300±56

8.21±0.06

2250±15

1873±35

0.11±0.02

ND

0.79±0.07

H-CO2

482±30

8.11±0.023

2250±15

1976±12

0.073±0.021

ND

1.94±0.19

H-CO2+1nM Cu

651±226

8.02±0.12

2250±15

2024±64

0.15±0.07

ND

1.38±0.5

H-CO2+2nM Cu

484±23

8.11±0.017

2250±15

1977±9.3

0.12±0.02

ND

0.91±0.25

H-CO2+8nM Cu

571±64

8.05±0.04

2250±15

2008±21

0.47±0.26

ND

0.79±0.26

Exp-II
(Cu)
Initial

Final
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Fig.1: (A) Map showing the sampling location during August 2017 along the south west coast of
India; (B) variability in solar light intensity during the experimental period; SL and LL represent
surface light (100%) and low light intensity reaching at 2m depth, respectively (high variability
was due to high frequent cloud coverage during the experimental)
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Fig. 2: Schematic representation of the experimental design showing the stock culture, different treatments with variable CO2 (ACO2400µatm; H-CO21000µatm), Zn and Cu levels. Triplicate of each treatment is indicated as three bottles inside the box
representing a particular treatment. Please note that there was a gap of 7 days between Exp-I to II and the initial phytoplankton
community was significantly different as illustrated by the different relative contribution of pennate vs. centric diatoms.
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Fig. 3: Cell density (A); growth rate (B);Chla concentrations (C); Chla contents per cell (D);
carbohydrate concentrations (E); carbohydrate contents per cell (F); protein concentrations(G);
protein contentsper cell (H) carbohydrate: protein ratio (I); BSi concentrations (J); BSi contents
per cell (K); POC concentrations (L); POC content per cell (M) and δ13CPOMvalues (N) under ACO2 (400 µatm) and H-CO2 (1000 µatm) levels with Zn and without Zn addition (1nM)
during Exp I.
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Fig. 4: Phytoplankton cell density (A); growth rate (µcell No.d-1) (B); Chla concentrations (C); per
cell Chla contents (D); carbohydrate concentrations (E); per cell carbohydrate contents (F);
protein concentrations (G); per cell protein contents (H) and the ratio of carbohydrate: protein
(I); the concentrations of BSi (J); per cell BSi contents (K); the concentration of particulate
organic carbon (POC) (L); per cell POC contents (M); andδ13CPOM (‰) (N) under A-CO2 (400
µatm) and H-CO2(1000 µatm) levels with variable Cu addition during Exp II.
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Fig. 5: Microscopic analysis of phytoplankton community composition [relative abundance (%)]
in Exp I (A) and Exp-II (B).
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