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Abstract

Oligotrophic areas account for about 30% of oceprifbary production and are projected
to expand in a warm, high-G@vorld. Changes in primary production in these suaauld
have important impacts on future global carboniogcITo assess the response of primary
production and respiration of plankton communiteéescreasing partial pressure of €0
(pCQO,) levels in Low Nutrient Low Chorophyll areas, twaesocosm experiments were
conducted in the Bay of Calvi (Corsica, France) anthe Bay of Villefranche (France) in
June-July 2012 and February-March 2013 under éffitetrophic state, temperature and
irradiance conditions. Nine mesocosms of S0ware deployed for 20 and 12 days,
respectively, and were subjected to sep€, levels (3 control and 6 elevated levels). The
metabolism of the community was studied using s#vaethods based am situincubations
(oxygen light-dark*®0 and*C uptake). IncreasingCO, had no significant effect on gross
primary production, net community production, partate and dissolved carbon production,
as well as on community respiration. These two roesm experiments, the first performed
under maintained low nutrient and low chlorophgliggest that in large areas of the ocean,
increasingpCGO;, levels may not lead to a significant change imkian metabolic rates and

sea surface biological carbon fixation.



1. Introduction

Oceanic primary production represents about 50¢atfal primary production (Field et
al., 1998) and plays a key role in climate regolatiThe balance between gross primary
production (GPP) of autotrophic organisms and conitguiespiration (CR) of both
autotrophic and heterotrophic organisms deterntimesiet community production (NCP),
revealing the capacity of a system to sequestéooaria the biological pump. Production
and consumption of organic matter depend on theposition of the plankton community
and are constrained by environmental parametefsasiautrient availability (i.e., nitrogen,
phosphorus, silicon concentration, ratios and chahfiorms), light availability and
temperature. The increase in the partial pressu@Op (pCO,) in the ocean and the
consequent decrease in seawater pH, so-called acédification (Gattuso and Hansson,
2011), might also influence the metabolism of ptankorganisms and marine communities.

Many laboratory studies, focused on phytoplanktoairss maintained in culture, have
been performed to test the response of primaryymtozh to increasedCO,, but present two
major downsides. First of all, they do not take@iatcount any potential compensation
between species. Although laboratory studies hhwers that diatoms appear to generally
benefit from an increase in G@nd that the response of coccolithophores is warable
(from increased production to neutral or even iitbrly effects under nitrogen limitation; see
comprehensive review by Riebesell and Tortell, 20tte global response of the community
might not be the sum of these individual effectsother drawback of single strain culture
experiments is that the heterotrophic componeptafkton communities is, for the most
part, not taken into consideration. Yet, a possifdirect effect of elevategCO, on bacteria
has been suggested and linked to changes in paykiph activity (Grossart et al., 2006).
Autotrophic organisms can indeed release dissatvgdnic carbon (DOC), which can in turn
be used by bacteria for growth and respirationintnease in DOC production under elevated

pCO, could therefore have an impact on the bacteriamanity (see also Liu et al., 2010).



In order to measure plankton metabolic rates, sétvechniques are available although
each of these methods presents some advantagdisaddantages. The radioacti/e
incorporation technique (Steemann-Nielsen 1952)eas widely used for many years.
However, although this method is believed to prevadcurate estimates of carbon
incorporation rates (Williams et al. 1983), unciatias still remain on what is actually
measured, considered to be in between gross armaukiction (Peterson 1980). The oxygen
light-dark method (e.g., Riley 1939) is also anusate technique that has been used for a
long time and that allows determining the metabstate of the community (NCP). However,
in order to estimate GPP rates, one has to asswahbght respiration equals dark respiration
(measured; CR), an assumption that is not alwayedo(e.g., Bender et al. 1987). In
contrast, another method based on the heavy isofape/gen t°0; Grande et al. 1982)
provides very accurate and direct estimates of GeRever, with this method all the,O
produced is labelled even though not all thig<directly linked to carbon assimilation,
therefore GPP20 is believed to overestimate true GPP (Laws 28D0). Finally, all three
methods present the disadvantage to be performeldsad small containers that might lead
to some confinement effects and not completelecgih situ conditions of light, nutrients,
turbidity, etc. This is out of the scope of thigppato extensively discuss how these methods
compare to each other; we therefore refer to detagviews and comparison analyses for
further details (e.g. Bender et al. 1987; Gazeal. &007; Regaudie-de-Gioux et al. 2014).

Experiments have recently been conducted to atisessfects of ocean acidification on
natural plankton assemblages with results showithgreincreased photosynthesis and/or net
community production with increasimg O, (e.g., Riebesell et al., 2007; Egge et al., 2@09)
no effect (e.qg., Hare et al., 2007; Tanaka eR8l13). Some of these experiments at the
community level have been conducted using pelagisatosms. This approach is considered

to be closer to the “real worldiecause large mesocosms enclose a significant eoddim



seawater containing an entire plankton communiti environmental conditions (e.qg.,
temperature, irradiance, water motion) within thesptosm similar to those prevailimgsitu
(Riebesell et al., 2010, 2013). However, most esthexperiments have been performed in
high-nutrient or nutrient-enriched systems and Yevy experiments have been reported in
low nutrient areas (Yoshimura et al., 2010). Yelagic primary production is highly variable
between oceanic provinces and more than 60% ajfba ocean is considered to be
oligotrophic (i.e. low chlorophyll). Despite théow nutrient concentration and relatively low
productivity, these areas represent about 30% edmc primary production (Longhurst et al.,
1995). Furthermore, it has been suggested thaitodighic areas will expand as a result of
ocean warming (Polovina et al., 2008), with potartnplications for ocean biogeochemistry
and primary production (Irwin and Oliver, 2009) t#dugh the metabolic status of open
ocean waters is still hotly debated (Duarte et2dl1,3; Williams et al., 2013), any change due
to ocean acidification and/or warming will undoulifehave profound impacts on the
biological carbon pump and carbon cycle. Most efaligotrophic areas are in the open
ocean where it is difficult to perform field exp@ents. The Mediterranean Sea, a semi-
enclosed sea, gives the opportunity to overconsepitiblem as characterized by low nutrient
and low chlorophyll (LNLC) concentrations, althoudgpending on the location and season,
trophic conditions can be defined as ranging froesotrophic to ultra-oligotrophic
(D’Ortenzio and d’Alcala2009).

To test whether ocean acidification will affectqitéon community composition and
functioning in oligotrophic areas, two mesocosmeskpents were performed in the North-
Western Mediterranean Sea during two contrastimgge (wintervs.summer), in the
framework of the European projébtediterranean Sea Acidification in a Changing Cheha
(MedSeA; www.medsea-project.eu). Here, we repothereffects of ocean acidification on

plankton metabolism (gross primary production,ge@hmunity production, particulate and



dissolved carbon production as well as commungpiration), as measured using the

methods briefly described above (the oxygen ligirkd“C and"®0 labelling techniques).



2. Material and Method
2.1. Study sitesand experimental set-up

One mesocosm experiment was conducted in the B&glof (BC; Corsica, France)
in summer (June-July 2012) and the other one iBtheof Villefranche (BV; France) during
the transition between winter and spring (Febridayeh 2013). The experimental set-up and
mesocosm characteristics are fully described ionapanion paper (Gazeau et al., sbm, this
issue). Briefly, for each experiment, nine mesocosfirca. 50 M (2.3 m in diameter and 12
m deep) were deployed for 20 and 12 days in BCBAhdespectively. Once the bottom of
the mesocosms was closed, Xaturated seawater was added to obta@@, gradient
across mesocosms ranging from ambient levels &0lyatm (Table 1), with three control
mesocosms (C1, C2 and C3) and six mesocosms witbasingpCO, (P1 to P6).
Measurements of plankton metabolism started dfeeend of the COmanipulation, on 24
June 2012 and 22 February 2013 for BC and BV, wts@ty corresponding to Day 0 in BC
and Day 1 in BV. Before sunrise (04:00 in BC and05n BV; local times), depth-integrated
sampling (0 to 10 m) was performed using 5 L HyBros integrated water samplers and
distributed into various incubation bottles (selW¢. Processes influenced by light were
incubatedn situon an incubation line, moored near the mesocoantsincubations took
place at the depth of mean irradiance over the t2pth of the mesocosms (6 m for BC and
4 m for BV; see section on irradiance below for endetails). Other incubations were
performed in a laboratory incubatori@atsitu temperature (ca. 21-2& for BC and ca. 13C
for BV). During both experiments, net community guction (NCP) and community
respiration (CR) were determined using the oxyggimldark method every two days. Gross
primary production (GPP) was measured usindi®eabelling method (GPP0) every 4
days during the BC experiment, while rates of patite organic (PP*C) and dissolved

organic carbon production (BCp) were determined every two days using'ffielabelling



technique during the BV experiment.
2.2. Irradiance and metabolic rates measur ements techniques
2.2.1. Irradiance

Surface irradiance (photosynthetically active radig PAR) was measured
continuously during the two experiments using &I0R LI-192SA 2-Pi sensor connected to
a LI-1400 data logger (see Gazeau et al., sbmighire, for more details). The depth of mean
irradiance was estimated at the start of each nossoexperiment based on PAR profiles (0
to 12 m) performed using a Biospherical Instrumdmts QSP-2200 4-Pi sensor mounted on
a CTD SBE 19plusV2. Thereafter, PAR profiles (A 2om) were conducted daily at the
incubation sites to estimate vertical attenuatioefficients Kqpary). For each incubation day,
the mean daily irradiance at the incubation degdh valculated using surface PAR and the
attenuation coefficient.
2.2.2. Oxygen light-dark method

From each mesocosm, 15 biological oxygen demand(BD mL) bottles were
filled, among which five were immediately fixed WwitWinkler reagents and used to estimate
initial dissolved oxygen (& concentrations. Five transparent bottles werabatedn situ
on the incubation line for 24 h to estimate NCH(®e to sunrise). In order to estimate CR, 5
bottles were incubated for 24 to 36 h in the dar laboratory incubator at situ
temperature (ca. 21-25 °C for BC and ca. 13 °@BM\y. Upon completion of the incubations,
samples were fixed with Winkler reagents.g@ncentrations were measured using an
automated Winkler titration technique with potentetric end-point detection. Analyses were
performed with a Metrohm Titrando 888 and a redexteode (Metrohm Ag electrode).
Reagents and standardizations were similar to theseribed by Knap et al. (1996). NCP and
CR were estimated by regressing\v@lues against time, and CR were expressed asiveega

values. Gross primary production (GPR)-€ates were calculated as the difference between



NCP and CR. The combined errors were calculateiBs_, = V(S.E,* +S.E,?).
2.2.3. GPP-"®0 method

In BC, every 4 days, water samples from each mesoaeere transferred into eight
transparent glass bottles (60 mL) and sealed. Thotkes were immediately poisoned with
10 pL of a saturated mercury chloride (HgGlolution in order to estimate the initia} O
isotopic composition. The remaining five transpaigass bottles were spiked with 100 pL of
97% H'°0 in order to reach &°0-H,0 enrichment of 650%nd were incubateid situ from
sunrise to sunset. Upon completion of the incubasamples were poisoned using 10 pL of
HgCl,, and stored upside down in the dark at room teatpes pending analysis. Isotopic
measurements were performed at Leuven Universigyg{Bm). A headspace of 3 mL was
created with helium and allowed to equilibrate36rmin in order to measutd0-0,. The
extracted water was then injected into helium-fagshials for'®0-H,O measurements. Pure
CO, (100 pL) was then added and samples were alloweduilibrate for 24 h'20-H,0
was therefore measured®80-CO;. Determinations 05'°0-0, andd'®0-CO;, were
performed on an elemental analyzer (Flash HT/EApted to a Delta V Isotope-ratio Mass
Spectrometer (IRMS). An overflow technique was ugelimit air contamination of the
needle. FoB*®0-0,, the internal standard used to correct the dadanamitor instrumental
drift was air from the outside. F6t*0-CO,, a calibration was performed against Vienna
Standard Mean Ocean Water (VSMOW). GE®rates (umol L™ d™) were calculated
using the following equation (Kiddon et al., 1995):

GPP#°0 = [(3**0—Opfinai = 8" °0—Czini)) / (6'°0-H20 - 8**0—Cpini))] X Ozini
wheresd'®0-Oyinit andd'0-Oxna are measuredf°0-0, before and after incubation (%o),
8'%0-H,0 is the final isotopic composition of the labellshwater (%o), and £ is the Q
concentration before incubation (umal 0Y). The overall error was estimated using a

Monte-Carlo procedure where one thousand values veeixdomly chosen between the mean



+ S.D. of each measured parameter and the m&ah.iof each computed parameter is
reported (Pemberton et al, 2006).
2.2.4.**C primary production

In BV, every 2 days, water samples from each nesuoowvere transferred to four
culturing flasks (40 mL) and spiked with 0.37 t83.MBq (10 to 50 uCi) of &'C-labelled
sodium bicarbonate solution. Three flasks werehatedin situfor 24 h (sunrise to sunrise).
The remaining flask was immediately poisoned withllof a borax-buffered formaldehyde
solution filtered through a 0.2 pm syringe tipdiland stored in the laboratory to estimate
abiotic**C labelling. After 24 h, the samples were brougitkito the laboratory and 3 mL
was gently filtered through 0.2 um polycarbonaters directly into scintillation vials for
DOCp measurements (Lépez-Sandoval et al., 2011)tiBtion vials were closed with a
gas-tight rubber stopper and plastic centre weligaining a GF/A filter soaked with 200 pL
of -phenylethylamine. Then, 75 pL of hydrochloric a@iCl; 50%) was injected into the
vial in order to transform’C-DIC to**CO,, which was trapped by tiephenylethylamine
while *C-labelled DOC remained in the seawater.

The remaining 37 mL was then filtered through O polycarbonate filters (25 mm
diameter) and rinsed with freshly filtered (0.7 pyseawater. Filters were placed in
scintillation vials that were closed with gas-tighbber stopper and centre wells with a GF/A
filter soaked with3-phenylethylamine, as for D&Cp. One mL of phosphoric acid {PIOs;
1%) was injected through the rubber stopper oreditter in order to dissolv&'C-particulate
inorganic carbon (Balch et al., 2000). After anotP# h, the centre wells and soaked GF/A
filters were placed separately into fresh scirtidia vials. Scintillation cocktail (15 mL;
Ultima Gold MV, Perkin Elmer) was added to the siabntaining the DOC (D¥Cp) and
the PC filter (PPC) and activities were determined on a PackardC#rb (1600 CA)

scintillation counter. Disintegrations per minuBPM) were converted to production rates
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(after correction from abiotit'C labelling) using dissolved inorganic carbon coniions
measured in the mesocosm (Gazeau et al., sbnisshis) and an isotopic discrimination
factor of 1.05. In order to verify the initial sgilactivity, 100 pL of seawater from 3 to 6
random culture flasks were removed and placedsirirdillation vial containing 200 pL d§
phenylethylamine and these were counted on théilidion counter. The percentage of
extracellular release (PER) was calculated as’O@/(PPY‘C + DO"Cp) (L6pez-Sandoval et
al., 2011).
2.3. Data analysis, statistics and data availability

Results are reported as mean valstandard error (S.E.) as well as the average over
all mesocosms standard deviation (S.D.) when specified. Cumwudatnetabolic rates were
calculated for the whole experimental period. Valter days when no incubations were
performed were obtained by linear interpolation #mecumulative values were then summed
up for the experimental period. The combined eveese calculated as S.Ey = V(S.E)?
+S.Ey2). ThepCO, values used for the representation of cumulatie&abolic rates are the
averaggCO, over the experimental period for each mesocosme3itforpCO, increase
effects, the relationship between cumulated metabates angCO, were realised using
linear regressions. Linear regressions were aled testest for relationships between
production rates and time or PAR, while Model-hidar correlation were used to compare
metabolic rates obtained with the different measarets methods. All linear regression and
correlation were performed using the R softwar€@Re Team, 2013) and were considered

significant at a probability < 0.05. The data sets are freely available on Panga¢he Bay

of Calvi: http://doi.pangaea.de/10.1594/PANGAEA.830 and in the Bay of Villefranche:

http://doi.pangaea.de/10.1594/PANGAEA.835117.
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3. Results
3.1. Summer conditions (Bay of Calvi)

The initial and meapCO, values over the experiment are presented in Thblkile
initial temperature, salinity, and concentratiohsatrients and chlorophyé inside and
outside the mesocosms in the Bay of Calvi (BC)s&i@wvn in Table 2. Further details
regarding temperature and salinity can be four@@ameau et al. (sbm, this issue) and
analytical protocols used to measure nutrientschwhatophylla concentrations are available
in Louis et al. (in prep, this issue) and Gazeaal.din prep, this issue), respectively. At the
start of the experiment (day 0), the concentradionitrogen (NQ = nitrate + nitrite) was
similar inside and outside the mesocosms. In cebttlae concentrations of dissolved
inorganic phosphate (DIP) and chloropte/livere lower inside than outside the mesocosms
(Table 2).

NCP ranged from -2.7 &3 t0 2.9 4.4 umol Q L™ d* over the experimental period of
20 days (Figure 1 a). The lowest and highest valezs measured in the control mesocosms,
respectively C3 on day 16 and C1 on day 10. NCPnegative on day 0 and tended to
increase and reached a maximum value on day 8 (@al020 for P2), depending on the
mesocosm. After this period of increase, NCP regthitiose to metabolic balance (ca. 0

numol & L™ dt) until the end of the experiment. CR varied fr@r6-+0.2 to 0.2+ 0.4 umol

O, L d* (Figure 1 b). The lowest and highest values wegasured in C2 on day 10 and P6
on day 2, respectively. Similar to NCP, the higl@Rt(i.e. the most negative) were measured
on day 10 in all mesocosms apart from P2 for witiglas measured on day 16 (-2.630.20
umol G L™ d™).

GPP-Q ranged from -0.7 4.1 to 5.5 0.5 pmol Q L™ d™ (Figure 1 c). The lowest and
highest rates were both measured in C1, on dapd2lay 10, respectively. After a stable

period from day O to day 6, GPPR-{Dcreased to reach a maximum value on day 10lifor a
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mesocosms except C3 and P4, for which maximum saleee reached on day 14 and day 8,
respectively. GPP?0 varied from 0.0 9.1 to 1.7 0.1 pmol Q L™ d* (Figure 2). The

lowest value was measured in C2 on day 0, whilénitpleest value was measured in P4 on
day 16. GPP2O was relatively stable during the experiment, shgva slight increase until
day 16 and a decrease on day 20 (except for C2hvdgicreased from day 12). GEP-

rates were generally lower than GPR-®ith no significant relationship{k 0.01,p > 0.05,

n =52).

Mean daily PAR at 6 m (Figure 3) was constant thlotime (r = 0.04p > 0.05, n = 10)
varying from 180 and 330 pmol photor?msi*. GPP-Q, GPP0 and NCP were significantly
related to the PAR at 6 m (GPR:®= 0.54,p < 0.05, n = 88; GPP?O: r = 0.27p < 0.05, n
=54; NCP: r = 0.30p < 0.05, n = 90; respectively).

Cumulative NCP, averaged over all nine mesocosn&[), was -1 + 8 pmol £ and
varied between -11.9%8 and 13.6 4.2 pmol Q L™ (Figure 4 a) depending on the
mesocosm with the lowest rates measured in C2n@38 and the highest estimated in P5.
There was no significant trend in cumulative NCEhvimcreasingpCO, (r = 0.44,p > 0.05, n
= 9). The average:(S.D.) cumulative CR was -294tumol @ L™, with no significant trend
with increasingpCO; (r = 0.30,p > 0.05, n = 9). The cumulative GPR-@hd GPP®0 were
on average# S.D.) 28 #6 umol L* and 20 # umol G L™, respectively. For both methods
there was no significant trend with increasp@O, (r =0.47,p>0.05,n=9and r = 0.1@,>
0.05, n =9, respectively).

Normalizing time course and cumulative metaboltesdo chlorophyla concentrations
(Gazeau et al., in prep, this issue) led to siméaults regarding the effect p£0O,, the
relationships between methods and with PAR (dataimown).

3.2. Winter-spring conditions (Bay of Villefranche)

The initial and meapCO, values over the experiment are presented in Thblkile
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initial temperature, salinity, and concentratiohsatrients and chlorophyé inside and

outside the mesocosms in BV are shown in Tablai@hEr experimental details can be found
in Gazeau et al. (sbm, this issue). When samptengesl (day 0), NQconcentrations were
higher outside than inside the mesocosms (Takdm@)yemained higher outside the
mesocosm during the experimental period (Louis.eiraprep, this issue). In contrast, DIP
and chlorophyll concentrations inside and outside the mesocosmesinigially similar

(Table 2).

NCP varied from -2.0 8.4 to 2.8 4.5 umol Q L™ d* (Figure 1 d). The lowest and
highest values were both in C1, on day 1 and orBdagspectively. NCP generally increased
(r=0.57,p<0.05, n =52) throughout the experiment fromatieg (heterotrophic system) to
positive values (autotrophic system). NCP was negain day 1 for all mesocosms except
C3, P2 and P4 whereas, on day 5, all mesocosmgdsitive NCP. CR ranged from -3.7 +

0.4 umol @ L™ d* in P3 on day 1 (overall meanS.D.: -2.6+ 0.6 umol Q L™ d%) to 0.02 +
0.47 pmol @ L™ d* in P6 on day 9 (overall meanS.D.: -0.9+ 0.6 pmol Q L™ d*; Figure
1 e) and generally decreased with time (i.e. bengrgss negative; r = 0.68,< 0.05, n =

54). GPP-Qranged from 0.8 0.6 to 3.6+ 0.6 pmol Q L™ d™ (Figure 1 f) with a slight

increasing trend as a function of time (r = 043,0.05, n = 54).

PAR at 4 m significantly increased during the eipent from 30 to 190 pmol photonm
s* (Figure 3; r = 0.80p < 0.05, n = 6). GPP-Cand NCP increased significantly with PAR (r
=0.40,p<0.05, n=54 and r=0.76, p < 0.05, n = 54peetively).

Cumulative NCP, averaged 8.D.) over all nine mesocosms, was 72&umol Q L™
and varied from 3.7 8.8 to 11.8 .6 pmol Q L™ (Figure 4 b). Cumulative CR was on
average -17.3 2.8 pmol Q L™ and, as for cumulative NCP, minima and maxima were
measured in control mesocosms (C1 and C3, respbgtivhile the average GPP@as

24.7 +2.7 pmol Q LY. Cumulative NCP, CR and GPP-@id not show any significant trend
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with increasingpCO, (NCP: r = 0.06p > 0.05, n = 9; CR: r = 0.04,> 0.05, n = 9 and GPP-
O2:r=0.02,p>0.05,n=09).

Primary production measured with tH€ labelling technique did not show any temporal
trend and was highly variable from one day to teetifFigure 5). PBC were slightly lower
outside than inside the mesocosms and varied ft861:00.00 to 0.8& 0.04umol C L* d*
(Figure 5). During the first part of the experiméinbm day 3 to 5), DOC production rates
(DO™Cp) were highly variable both between days and éetnmesocosms. During the
second part of the experiment (from day 7 to tha ethis variability decreased and rates
were relatively constant with an overall averag&(D.) of 0.21 #.11 pmol C [* d* (Figure
5). TO*C production rates (PPC + DO*Cp) varied from 0.50 6.0 to 2.6 .1 umol C [*
d’. PER generally decreased throughout the experitnem0.58,p < 0.05, n = 52) and
averaged#£ S.D.) 25+ 12% (from 11 to 61%).

Cumulative PP4C, DO*Cp and TAC averaged S.D.) 7.1+ 0.8, 2.6+ 0.6 and 9.6
0.9pmol C L* respectively and did not show any trend with iasiegpCO, (Figure 6; PP-
C:r=0.46p>0.05n=9; D&Cp: r=0.05p>0.05, n =9 and TEC: r = 0.38p > 0.05,
n =9, respectively).

Oxygen light-dark an&'C primary production methods were compared exagpthe first
experimental day as the@D method provided negative values for NCP thaincd be
measured with th&'C method. Using data from days 3 to 11, there wesignificant
relationship between NCP and 0 rates ¢ = 0.06,p > 0.05, n = 43) but with PBC (* =
0.21,p < 0.05, n = 45). PP'C was closer to NCP than to GPR{®ee comparable
cumulative values between NCP and P®) with GPP-Q always higher than P¥C.
Significant relationships were found between GRR@ TG*C (¥ = 0.14,p < 0.05, n = 43)
and between GPP-@nd PP¥'C (* = 0.31,p< 0.05, n = 45). An average 8.D.)

photosynthetic quotient (PQ; molar flux of grosspBoduced/total’C consumed) of 2.02
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0.64 was calculated.
Normalizing time course and cumulative metaboltesdo chlorophyla concentrations
(Gazeau et al., in prep, this issue) led to siméaults regarding the effect p£0O,, the

relationships between methods and with PAR (dataimown).
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4. Discussion
4.1. Characteristics of the study sites

The mesocosms were initially filled with seawatéthwery low nutrient and chlorophyll
concentrations (NO< 0.10pmol L' DIP < 26 nmol [; chla < 0.25 pg [Y) in BC to low
nutrient and chlorophyll concentrations (N©1.2 pmol LY DIP < 20 nmol P ;chla< 1.5
ng L) in BV. The conditions in BC were typical of thensmer stratified period. The initial
concentration of nutrients was higher during theelploom mesotrophic conditions in BV
than in BC but nutrients were rapidly consumed @mttentrations were relatively low when
sampling started. Both experiments were therefbagacteristic of low nutrient low
chlorophyll areas (LNLC).

Although the availability of nutrients and concexitons of chlorophyla were higher
during winter in BV, GPP rates based on the oxyggit-dark method were similar during
the two experiments. This suggests that duringvinger period in BV, the community was
limited by nutrients as well as by light and tengiare. The chlorophyl data obtained at
Point B in BV in 2013 revealed that no real blooocwrred that year, although chlorophyll
concentrations were maximal in April (Gazeau etsddm, this issue). Despite the fact the
GPP-Q was roughly identical during the two experimettg, cumulative NCP was close to
0 in BC, suggesting a metabolic balance while vims/a 0 in BV, suggesting autotroptis
a consequence of different temperature and initial pCOz levels (430 patm above
atmospheric equilibrium in BC and 350 patm belomagpheric equilibrium in BV)
between the two periods, surface waters were a source of COz to the atmosphere in BC
(summer) and a sink of atmospheric CO; in BV (winter). The sink status of BV in winter is
in agreement with times-series data (De Carlo.eR8l3). GPP-@exhibited relatively large
changes in BC with a maximum value measured oril@ahat could be related to high

abundance of cyanobacte8gnechococcuspp. and autotrophic picoeukaryotes (Gazeau et
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al., in prep, this issue) and to a water columatiication (Gazeau et al., sbm, this issue). In
BV, NCP increased throughout the experiment whitlP&3 only increased slightly. The
increase in NCP is related to a weaker CR, probedulyged by a decrease in particulate
organic matter available for the heterotrophs (€slet al., in prep, this issue).

Metabolic rates measured during both experiments wéhin the range of previously
reported rates in coastal locations of the Mediteean Sea (Navarro et al., 2004; Gazeau et
al., 2005; Gonzalez et al., 2008; Bonilla-Findjaét 2010; Ridame et al., 2014) and in open
waters (Regaudie-de-Gioux et al., 2009; Lopez-Saaldet al., 2011). More specifically, the
heterotrophic conditions encountered in BC weresistant with the summer heterotrophic
conditions reported in the Bay of Palma (Spairg001 (Navarro et al., 2004; Gazeau et al.,
2005). Very few data are available using the G¥Pmethod in the Mediterranean Sea,
however rates measured in June-July 2012 in BC imdtee range of those found in BV
during the same season in 2003 by Gonzalez 2@)83] and lower than those determined in
March 2012 in BV by Maugendre et al. (in press)myithe four first days of their
experiment, likely as a consequence of differemiti@nt concentrations. Furthermore, no
correlation was found between GPP measured by ifigi@-dark and thé®0 labelling
techniques in BC. This is in agreement with presicesults obtained in the Bay of
Villefranche by Maugendre et al. (in press), altijloGonzalez et al. (2008) reported a
significant correlation at the same location. Hoarewt must be stressed that Gonzélez et al.
(2008) established their correlation across a nwider range of GPHinally, GPP rates
measured with the O2-LD in BC (global average of 1.3 umol L-1 d-1) are significantly
higher than primary production rates obtained with the 13C labelling technique in the
same area in July 2008 and 2010 by Ridame et al. (2014; ~ 0.3 - 0.4 umol C L1 d-1). The
13C labelling technique over 24 h was shown, like the 14C labelling, to provide rates much

lower than those estimated with the O2-LD technique (Hashimoto et al., 2005).
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In BV, GPP-Q was lower than values reported by Gonzalez ¢2@08) for a similar
period in winter-spring. This emphasises the pstl conditions and the likely limitation of

metabolic processes by temperature and light“€Rvas on average 35 11% of GPP-Q
while TO*C represented 48 16% of GPP-@ This latter percentage is in the range of 40 to

80% reported by Robinson et al. (2006) for theathgphic Atlantic Ocean. The release of
labelled DOC (D&'Cp) was low but could be measured accurately, aitlverage S.E. of
0.002umol C L d*. PER averaged 253#% which is close to the value ~ 20% reported by
Marafion et al. (2005) over a wide range of prinpagduction rates and to the value of
23.5% measured in the Almeria-Oran front (Fernaredest., 1993). However, this is slightly
lower than values measured in two Mediterranears (4&326; Gonzalez et al., 2008) and in
the open Mediterranean Sea in June-July 2008 (Bd¥%ez-Sandoval et al., 2011). In BV,
¢ primary production was closer to NCP than GPRiaexpected for 24 h incubations
(Marra and Barber, 2004).
4.2. Effects of ocean acidification on community metabolism

Despite different metabolic states (balanced irviGald autotrophic in Villefranche) and
period (summeys pre-bloom), the same absence of significant resptmocean
acidification was observed for all processes atwhelocations. This suggests that under
nutrient and other environmental limitation (elght, temperature), C£enrichment may not
have significant effects on plankton community rbetsm. It is in contrast with the
hypothesis of enhanced production with increap@@, suggested by previous experiments
performed at community level under nutrient reptairditions. In fact, most of the previous
experiments have been conducted with high nutaadtor nutrient addition with the
exception of Yoshimura et al. (2010), Richier et{2014) and Maugendre et al. (in press).

The mesocosm experiment performed in an ArcticdHer2010 was, in terms of

experimental set-up and duration, the most sindlaur experiments albeit nutrients were
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added (Riebesell et al., 2013). This experimentshasvn that the plankton community
metabolism was sensitive to an increaspd,, although conclusions diverged depending
on the employed measurement method and on thedpedetive to nutrient addition. This is
shown in Table 3 in which responses of planktonatmatism during large mesocosm
experiments are summarized. Tanaka et al. (2018)dfthat cumulative NCP was not
affected bypCO, over the whole experimental period, but was negétiaffected after the
increase in chlorophy# which followed nutrient addition. Engel et al. (&) found that
primary production measured B uptake significantly increased with increasp@p,.

Other experiments have been performed using snmalepcosms (27 nin the coastal

North Sea (Bergen, Norway) as part of the PeECkegir¢Table 3). Three consecutive
experiments (2001, 2003 and 2005) showed diffegfatts on primary production. During
the first experiment, no effect was found on priynaroduction using the oxygen light-dark
method in a bloom dominated by the coccolithoptitraliania huxleyi(Delille et al., 2005).
No effects were also found during the second erpat in 2003 (unpublished data; see in
Egge et al., 2009). In contrast, an increase ofutative PP*'C was measured during a
nutrient-induced diatom bloom during the third esipent (Egge et al., 2009). This enhanced
production was not detected using the oxygen ldgri method and was attributed to a lack
of precision in the measurements or to an abseneieat (Egge et al., 2009). The diverse
responses of primary production at the same locara at similar periods of the year during
the PeECE project could be attributed to differenoenutrient concentrations and
stoechiometric ratios as well as irradiance lewgigch strongly influence the plankton
community composition and metabolism. Furthermibiig, probable that phytoplankton
initial community composition (Eggers et al., 2088)well as temporal phytoplankton
evolution (Table 3) had also an important influeaod led to different responsega00;,

increase. Other mesocosms were deployed in coaatafs of Korea in 2008 (Table 3) to
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assess the effects of a €@crease from present to 90atm combined or not to a°€
increase in temperature. During this experimenivhich nutrient were added, a shift from
particulate to dissolved organic carbon was medsatréigh CQ level (Kim et al., 2011) as
well as an increase in light utilization efficienthat was not reflected on the gross
community production (Kim et al., 2013). Under neijlle grazing pressure (top-down
control), high CQ level has the potential to increase growth ancha@ry production of
phytoplankton by enhancing the inorganic carbomakion efficiency (Kim et al., 2013)

for this community dominated by diatoms and dingdliéates in the post-bloom period (Table
3).

It must be stressed that several other experinfectsed on the effects of ocean
acidification on plankton community metabolism ooguction but in much lower volumes
than studies discussed previously. For instancieamBay of Villefranche, no detectable
effects of increasingCO; level from present level to ca. 65@tm were observed in an
experiment conducted in 4 L bottles (Maugendrd.etrapress). During a microcosm (9 L
bottles) experiment performed in the Okhotsk Seasfitmura et al., 2010), nutrient
concentrations were below detection limits and ipbayll a concentrations were similar to
those observed in the present study (~ 0.1 - 0.6hlig L ™). Despite no direct measurements
of metabolic rates in the Okhotsk Sea which lirthis possibility to compare to our
experiments, increasimgCO, levels had no effect on POC production while DOC
accumulation decreased significantly (Yoshimuralgt2010). The lack of effect on POC
production is in agreement with the results rembitethe present study but the decrease in
DOC accumulation stands in contrast with the laiffect on DG*Cp in BV. This
difference could be explained by the fact thatakperiment in the Okhotsk Sea was
conducted after the spring bloom with different diaating species and very low ambient

pCO; (~ 200 patm).
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Plankton communities in the ocean can be limitedoslimited by macronutrients (Low
Nutrient Low Chlorophyll; LNLC) or by micronutriersiuch as iron (Fe) preventing
phytoplankton growth even under high nutrient lsy#ligh Nutrient Low Chlorophyll;

HNLC; Moore et al. 2013). In the Gulf of AlaskaH&ILC area, four experiments under Fe-
limited conditions were performed by Hopkinsonle{2010) and only one site presented an
increase in primary production at elevap&ed, levels. Furthermore, the G@ffect was

much smaller than the effect of Fe addition, as alown in several experiments in the iron-
limited areas of the Bering Sea and of the NorttifRaEndo et al. 2013; Sugie et al. 2013;
Yoshimura et al., 2013, 2014). These experimentsiected between 2007 and 2009 in 12 L
bottles have shown that the response in terms @ p@duction or photosynthetic efficiency
varied depending on the studied sites as well awké@ional status (see Yoshimura et al.
2014 for further details). During the first cruisehile no effect opCO, was found in the
North Pacific, in the Bering Sea, quantitative guodlitative changes in the production of
particulate and dissolved organic matter were ofegkwith increasingCO,. As large cells
dominated the community in the Bering Sea whiltheaNorth Pacific small eukaryotes were
more abundant, Yoshimura et al. (2013) attribubedé contrasting responses to differences
in plankton community composition and suggestetidbaanic communities dominated by
small species are less sensitive to increpgkob. This is also supported by our results as
plankton communities during our experiments wenm@idated by small species (i.e.,
cyanobacteri&ynechococcuspp.), haptophytes, pelagophytes, cryptophytes and
chlorophytes; Gazeau et al., in prep, this issaayell as by PeECE experiments for which a
pCO; effect on plankton metabolism was only measuresdégommunity dominated by
diatoms (Table 3). However, in the Northwest Euespeontinental shelf under low nutrient
and chlorophyll concentrations, Richier et al. (2014) found, baseghort-term and small

volume (94 h, 4 L) experiments, that high &g@ncentrations led, in some cases, to a
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significant decrease in the growth of small phyamgton species (< 1dm). This effect on
small cells agrees with the theoretical model ghhRlet al. (2012) suggesting that small
phytoplankton species are less adapted to chandbsir local pH while larger cells must
face larger pH variations at short time scales @ayours). Again, our data do not support
this hypothesis.

In conclusion, these perturbation experiments warded out in typical oligo- to meso-
trophic areas in two sites with different metabaliatus (summer and pre-bloom periods). In
both experiments, no effect of ocean acidificatboncommunity metabolism could be
detected. Plankton communities were limited byieatravailability and other environmental
parameters, and therefore an increase in €@centrations had, not surprisingly, no effect on
community metabolic rates. Although the preserdyiuas not performed during a
phytoplankton bloom, which is very limited in tirmed biomass in the study areas, our results
suggest that sea surface biological carbon fixahasigotrophic areas such as the NW
Mediterranean Sea will not be enhanced by €E@ichment. If these results hold true for all
oligotrophic areas, there would be no negativeliaekl of the biological pump to
atmospheric C@increase. However, short perturbation events $stimg metabolic rates,
such as Saharan dust deposition, nutrient fertiimgfor example by water column mixing,
land run off) could induce a different responsedean acidification and should be
investigated in these areas in the future. Finaltgan acidification can act synergistically
with other CQ-related perturbations such as ocean warming. Rgceraveral experiments
have included ocean warming and acidification ffedent parts of the ocean showing a
stronger effect of warmer conditions (Hare et2007; Feng et al., 2009; Maugendre et al., in
press) than ocean acidification, highlighting thgortance for future studies to consider
interactions with other drivers related to climebk@nge even under nutrient depleted

conditions.
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Figurel: Net community production (NCP; a and d), community respiration (CR; b and €)
and gross primary production (GPP-O,; ¢ and f) as afunction of time during the experiment in
the Bay of Calvi (left) and in the Bay of Villefranche (right).

Figure 2: Gross primary production measured with the *0-H,0 labelling (GPP-0) in the
Bay of Calvi.

Figure 3: Irradiance at the incubation depth in the Bay of Calvi (empty triangle) and in the
Bay of Villefranche (full circles) as afunction of time.

Figure 4: Cumulative rates of net community production (NCP; diamonds), community
respiration (CR; circles) aswell as gross primary production estimated using the oxygen light-
dark (GPP-O,; triangles) and the 20 labelling (GPP-'20; cross) techniques in the Bay of
Calvi (a, duration: 20 days) and in the Bay of Villefranche (b, duration: 12 days). Error bars
correspond to cumulated standard errors. pCO- is the mean value for each mesocosm during
the experiment (see Gazeau et a., sbm, this issue for further details on sampling and
analytical protocols).

Figure 5: Particulate primary production (PP-'“C; top) and dissolved organic production
(DO™Cp; bottom) during the experiment in the Bay of Villefranche.

Figure 6: Cumulative production rates estimated by the **C method during the experiment in
the Bay of Villefranche. PP-**C: particulate primary production (up triangle); DO™Cp:
dissolved organic carbon production (down triangle); TOYC: total organic carbon production
(circle). Error bars correspond to cumulated standard errors. pCO, is the mean value for each
mesocosm during the experiment (see Gazeau et a., som, this issue for further details on

sampling and analytical protocols).



Table 1: Initial and mearpCO; levels (uatm) during the experimental period i@ Bay of

Calvi and Villefranche (see Gazeau et al., sbns, igsue for further details on sampling and

analytical protocols).

Mesocosm CiL C2 C3 P1L P2 P3 P4 P5 P6
Bay of
Calvi Initial pCO; 463 455 452 595 716 774 901 1174327
MeanpCO;, 429 427 429 508 586 660 747 828 990
Bay of
Villefranche Initial pCO; 378 347 350 494 622 690 477 932 1250
MeanpCO, 357 356 352 456 486 544 545 719 941




Table 2: Average environmental conditions at day O in a#socosms (mea S.D.):
temperature, salinity as well as concentrationsitvate + nitrite (NQ), inorganic phosphate
(DIP) and chlorophyll (chla). BC refers to the Bay of Calvi (Corsica, Franaedl BV to the
Bay of Villefranche (France). Further details relyag temperature and salinity can be found
in Gazeau et al. (sbm, this issue) and analyticatopols used to measure nutrients and
chlorophylla concentrations are available in Louis et al. fepp this issue) and Gazeau et al.

(in prep, this issue), respectively.

Temperature NOx DIP chla
Salinity
°C nmol L* nmolL* pgL*
BC 24 June 2012
Mesocosm Average 22.1 37.9 47.1 22.8 0.06
S.D. <0.01 <0.01 +14.2 +4.1 +0.01
Outside 22.2 38.0 49.8 34.8 0.12
BV 21 Feb 2013
Mesocosm Average 13.2 38.1 128.5 10.4 11
S.D. <0.01 <0.01 +29.6 +2.2 +0.1
Outside 13.2 38.1 1166 * 10.3 0.95

* measured on February 9



Table 3: Effects of ocean acidification as observed duprgyvious mesocosm experiments under differentrenmental conditions. The range
in nitrogen (NOx = nitrate + nitrite), phosphatelf) and chlorophylla (chl a) concentrations as well as temperature (T) andnthen

phytoplankton groups are presented. LOD: belowadtiete limit and ND: not determined.

Experiment, locationand T NOy DIP chla Main phytoplankton  Effect on metabolic

year (°C)  (umolL?) (umol L) (ug L") group ratesor main result Reference

L ow nutrient concentrations

this study; Gazeau et

Bay of Calvi, NW 21.5t0 0.04 to Haptophytes and No effect on community_, ~,. :

Mediterranean (2012) 24.5 <0.04 <001 0.19 cyanobacteria metabolism ;ZI.SSQ)prep, this

Bay of Villefranche, NW 0.36 to Haptophytes and No effect on communityth'S.StUdy; Ga_zeau et
. 13+05 <1.2 <0.01 . al. (in prep, this

Mediterranean (2013) - ' ' 1.27 cryptophytes metabolism ) ’

issue)

Nutrient addition

PeECE | 1to Temporal shift from No effect on particulate

10to 13 LODto 17 LODt0o 0.5 Synechococcuspp. organic matter Delille et al. (2005)
Bergen (2001) 12.5 to E. huxleyi production
Small species more Engel et al. (2008);
PeECE Il 0.2to Temporal shift from Egge (unpublished
Bergen (2003) 81010 LOD10 3\ LOD 10 0.5 4.2 E. huxleyito diatoms affected, no effects on data); Engel
metabolic rates .
(unpublished data)
PeECE Il 910 1510 Temporal shift from  Increase in primary

LOD to 15 LOD to 0.6 diatoms ancE. production t'C 24 h  Egge et al. (2009)
Bergen (2005) 115 13 huxleyito flagellates  incubation) but no




effect on net community
production (Q)

Decrease POC and

Diatoms dominated increase DOC
Jangmok Bay 0.8to and some production. Increase Kim et al. (2011);
Korea (2008) 4ltolOD 2510 L0D "5 jinoflagellatesin  light utilization but not Kim et al. (2013)
post-bloom reflected on primary
production.
Respectively no and
negative effect on net
commijgnity production Tanaka et al. (2013);
0.22 to Haptophytes and O, and™“C methods, for de Kluijver et al.

Svalbard (2010) 21055 011055 0.09100.4 2.7 mixotrophes whole period. Positive (2013); Engel et al.

effect on primary  (2013)
production basetfC
24 h incubation
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