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Abstract. The effect of ocean acidification on the balance consumption of N@and PQ showed a significant decrease
between gross community production (GCP) and commu-during phase 3 with increasingCO,. The results suggest
nity respiration (CR) (i.e., net community production, NCP) that elevategpCO, influenced cumulative NCP and stoichio-

of plankton communities was investigated in summer 2010metric C and nutrient coupling of the plankton community in

in Kongsfjorden, west of Svalbard. Surface water, whicha high-latitude fjord only for a limited period. However pro-
was characterized by low concentrations of dissolved inor-vided that there were some differences or weak correlations
ganic nutrients and chlorophydl (a proxy of phytoplank- between NCP data based on different methods in the same
ton biomass), was enclosed in nine mesocosms and sulexperiment, this conclusion should be taken with caution.
jected to eightpCO, levels (two replicated controls and
seven enhancedCO, treatments) for one month. Nutrients
were added to all mesocosms on day 13 of the experiment,

and thereafter increase of chlorophylivas provoked in all 1  Introduction

mesocosms. No clear trend in response to incregs®g,

was found in the daily values of NCP, CR, and GCP. For fur- The balance between photosynthetic carbon production and
ther analysis, these parameters were cumulated for the folconsumption of organic carbon in the ocean’s surface layer is
lowing three periods: phase 1 — end of £@anipulation of importance in understanding the ocean’s role in the global
until nutrient addition 44 to r13); phase 2 — nutrient addi- carbon cycle. Marine phytoplankton play an important role
tion until the second chlorophy#t minimum ¢14 to r21); in the carbon cycle, being responsible for about half of the
phase 3 — the second chlorophylininimum until the end of ~ 9lobal primary production (Field et al., 1998). A large por-
this study (22 to+28). A significant response was detected tion of organic carbon produced by photosynthesis is rem-
as a decrease of NCP with increasjpgO, during phase 3. ineralized by respiration (del Giorgio and Duarte, 2002). Het-
CR was relatively stable throughout the experiment in all€rotrophic prokaryotes (hereafter “bacteria”) can consume
mesocosms. As a result, the cumulative GCP significantly? Significant fraction of primary production in pelagic sys-
decreased with increasingCO; during phase 3. After the €ms (Cole et al., 1988; Ducklow and Carlson, 1992). Min-

nutrient addition, the ratios of cumulative NCP to cumulative €ral nutrients (e.g., N, P) can be a limiting factor of growth
or organic carbon production by phytoplankton and bacteria.
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316 T. Tanaka et al.: Effect of increased»CO> on the planktonic metabolic balance

Because of the stoichiometric constraint on an organism’s elenhancegCO; treatments plus two replicated controls (no
emental composition, changes in the stoichiometric couplingCO, enrichment) were established for post-bloom plankton
between organic carbon and mineral nutrients in the lowercommunity at the start of the experiment. Nutrients were
part of the pelagic food web in response to environmentaladded to all mesocosms in the middle of the experiment in
change may have consequences for the carbon cycle and/order to stimulate phytoplankton growth. A series of chem-
the nutrient cycle in the ocean (Thingstad et al., 2008). ical, biogeochemical, biological, and physiological param-
The increasing concentration of carbon dioxide ¢ eters were measured during this experiment. We have ana-
the atmosphere leads to an increase of the partial pressure bfzed NCP, CR, and GCP based on changing concentrations
CO, (pCOy) in seawater, and related changes in the chem-of dissolved oxygen in incubation bottles together with other
istry of the carbonate system, such as a reduced pH (Ormelated chemical and biological parameters. We also com-
2011). These changes could lead to changes in carbon prgare NCP estimated by different methods based on dissolved
duction and consumption (Riebesell and Tortell, 2011) andoxygen (this study), stable carbon isotope (de Kluijver et al.,
therefore, to changes in oxygen production and consumption2012), and total carbon (Silyakova et al., 2012).
Net community production (NCP) is defined as the balance
between gross community production (GCP) and community ,
respiration (CR). NCP thus describes the net metabolism of Materials and methods
the ecosystem. A positive NCP indicates that more organi<:2
carbon is produced than respired, so-called net autotrophy,”

while nggative NCP indicates respiration exceeds primaryrpe mesocosm experiment was conducted in Kongsfjorden,
production, net heterotrophy. _ _ northern Spitsbergen (786.2 N, 11°53.6 E), in June and

_ The effects of increasingCO, on production and respira- - j,1y 2010 as part of the EPOCA Svalbard experiment (see
tion of pelagic plankton have been studied on single-Speciegerny et al., 2012; Riebesell et al., 2012; Schulz et al.,
in laboratory cuItL_Jres upto sgml—natural communities in flelq 2012 for details). In Kongsfjorden, the spring phytoplankton
mesocosms (rewewed by Rll%ebesell 'and Tortell, 2(_)11)' Priploom occurs in April, which results in low concentration
mary production measured §C fixation or produgtlon of ot dissolved inorganic nutrients (Rokkan Iversen and Seuthe,
particulate organic carbon (POC) at elevayedQ, is en-  5411: Hodal et al., 2012). Nine Kiel off-shore mesocosms

hanced (Hein and Sand-Jensen, 1997; Riebesell et al, ZOO%KOSMOS: thermoplastic polyurethane 0.5 to 1 mm thick,
Zondervan et al., 2001; Schippers et al., 2004; Leonardos angl; ., long, and 2m in diameter, approximately 59 wol-

Geider, 2005; Egge et al.,, 2009; Borchard et al., 2011), deyme) ere deployed on 31 May 2016-7). The site of the
creased (Sciandra et al., 2003), or shows no significant dif+ a5ocosm mooring was ice-free during the experiment ex-
ference compared to the control (Tortell et al.,

al., 2002; Delille oot for & few occasions when ice floats needed to be pushed
et al., 2005). It thus has been shown that increagi®®> ot from the site (Riebesell et al., 2012). All mesocosms

mostly enhances primary production. Measurements of priyyere filled with nutrient-poor, post-bloom, and sieved (3 mm

mary production based offC fixation or POC production  eqh) fiord water. The Cmanipulation was carried out be-
are relatively numerous, but few studies have examined th§,aan 6 and 11 June{1tor4), establishing seven enhanced
metabolic balance (i.e., NCP, CR, and GCP) of planktonic ,c, treatments and two replicated controls (@0; treat-
communities based on changes of dissolved oxygen (DO ent). pH and approximajeCO; levels in all mesocosms on

concentration at differenpCO; levels. The oxygen-based ;5,9 and;26/27 are shown in Table 1 (see also Bellerby et
NCP measurement has shown a significant decrease in NCg 2012). While pH angyCO, changed in all mesocosms

of Emiliania huxleyiat elevatepCO, in a N-limited chemo-  hecqyse of air/sea gas exchange and biological carbon up-
stat culture (Sciandra et al., 2003), and insignificant changesg, e to different degrees, the gradients of pH @@D, be-
in NCP of semi-natural plankton community at different ,een the treatments remained until the end of the experi-
pCQ, levels in mesocosm experiments (Delille et al., 2005, et (Bellerby et al., 2012; Schulz et al., 2012; Silyakova
Egge etal., 2009). _ _ et al., 2012). To induce the development of a phytoplankton
The objective of the present study was to investigate theoloom, 5uM of nitrate (N@), 0.31 uM of phosphate (PQ)
effect of ocean acidification on the balance between GCPE,.4 » 5 UM of silicate (Si) were added early in the morn-
and CR (i.e., NCP) of a plankton community in @ north- jnq on 20 Junes(L3) (i.e., before the routine sampling) to
ern high-latitude fjord. The Arctic Ocean is particularly af- 4’ mesocosms. The nutrient concentrations were chosen to

fected by ocean acidification: undersaturation for aragonites;yiate an upwelling event (Schulz et al., 2012). The addi-
already occurs seasonally and will spread the whole surjjgng of CQ (1 — 1 tor4) and inorganic nutrients13) were

face of the Arctic Ocean in 2100 (Steinacher et al., 2009).56rformed in the upper 13 m of the mesocosms using the dis-
In summer 2010, a multidisciplinary experiment was con-nersa| device in order to assure an even distribution in the

ducted for about one month using free-floating mesocosmg a¢er column (Riebesell et al., 2012; Schulz et al., 2012).
deployed at NyAlesund, Spitsbergen, as part of the EPOCA

(European Project on Ocean Acidification) project. Seven

1 Experimental setup and sampling

Biogeosciences, 10, 31825 2013 www.biogeosciences.net/10/315/2013/
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Table 1. Average pH- and approximatepCOy, levels (patm) on  that of NCP bottles alone were done alternatively during the

18/9 andr26/27 during the experiment (Bellerby et al., 2012). experiment. BOD bottles for NCP measurement were incu-
bated for 24 h at a mooring site, which was located about

18/9 126/27 300 m from the mesocosms. The BOD bottles were incubated

Mesocosm pH pCO» pHp pCOs at 4 m depth, at which the irradiance corresponded to the av-

erage irradiance of the water column sampled in the meso-

3 832 185 836 165 cosms (0 to 12m). As the summer season progressed, the

; g'ié 23(5) ggg Zgg mooring site sometimes became influgnced by the plume of
' ' a nearby stream. Therefore, the mooring was moved closer

4 8.05 375 8.15 290

8 7 96 480 8.07 365 (about 100 m) to the mesocosms on 13 Jub For the CR

1 781 685 7.94 500 measurement, dark BOD bottles were incubated at the in situ

6 7.74 820 7.90 555 mooring site until 18 June{1), and clear BOD bottles were

5 764 1050 7.80 715 incubated in a dark laboratory incubator from 19 Juri)

9 751 1420 7.73 855 onwards due to logistical constraints. The temperature in the

laboratory incubator was adjusted to the mean water temper-

* Mesocosms 3 and 7 received p6O, manipulation (i.e.,

control). ature in the top 12m on the day of sampling (2 t6CG3.
Preliminary measurements of CR with Kongsfjorden sam-
ples did not detect a statistically significant decrease in DO
Depth-integrated water samples (0—12 m) were collectedluring the first 24 h of incubation in the dark. The CR sam-
in each mesocosm using Hydro-Bios integrated water samples were therefore incubated for 48 h. Upon completion of
plers (5L volume). Samples for nutrients and chlorophyll the incubation, the bottles were fixed with Winkler reagents
(Chl a) were collected in the morning (09:00-11:00), as described by Knap et al. (1996).
whereas those for measurement of community metabolism DO concentrations were determined with an automated
were collected in the afternoon (13:00-15:00). Such a sepWinkler titration method using a potentiometric end-point
arate sampling program was used because of logistical cordetection (Titrando888). Reagents and standardizations were
straints. The experiment ended on 7 JuBQ). Sampling for ~ similar to those described by Knap (1996). Rates of NCP and

NCP and CR determination ended on 5 JuR8). CR were determined by linear regression of DO against time
(slope+ standard error: pmol £L.~1d~1). GCP was calcu-
2.2 Net community production, community respiration,  lated as the difference between NCP and CR. The combined
and gross community production uncertainty of GCP (Sgcp) was calculated using the stan-

dard error of NCP (Sfcp) and CR (SkER) according to
Water samples from each mesocosm were distributed into 12
biological oxygen demand (BOD) bottles (60 mL) by over- SEccp= \/SENCPZ + SEcR% (1)

flowing by 4-5 times the bottle volume, as soon as the watefr o cumulative values of NCP. CR. and GCP were calcu-

sam_plesl V\;gre brquhght.blillck to shore. Four bottlgs wk:erg i_m[ated for different periods, which were defined based on the
mediately fixed with Winkler reagents to determine the ini- timing of manipulations and the temporal changes of phyto-

tial concentration of dissolved oxygen (DO), and served asplankton biomass (see Riebesell et al., 2012): (1) phase 1 —

a COT‘”"!- Thirp\i(t:v;o qtéag;auplle_ sets ;?Ifl_bottlﬁs Sé%\gg folr de'end of CQ manipulation until nutrient additiorr4 to ¢13);
termination o an - Priortofilling, the ottles (2) phase 2 — nutrient addition until the second €mhini-

had been washed with HCI (5 %) and rinsed thoroughly with ' - (14 tor21); (3) phase 3 — the second Ghininimum

Milli-Q water. : ; .
L ) until the end of this studyr22 to¢28); (4) phase 2 3 (r14
Meroplankton _Iar\_/a_e('clrrlpedlsa r_1aupI|D were abundant to #28); and (5) whole periodt4 to 28). Because NCP and
(1x 104_22X 134 iqd'xl'_dlr’]alf? m I) I;Otthe mejocosmsl _bg_— CR were measured every 2 and 4 days, respectively during
tweenr —2 andr11 (Niehoff et al., ), and several indi- most of the experimental period, the data on the days when

vidugls of this species and mesozooplankton were sometime&we measurement was not done were estimated by the linear
distributed in quadruple sets of BOD bottles (Tanaka et al"interpolation. The cumulative values were then summed up

_unpublished). The heterogeneous inclus_ior] of_large organt . ihe corresponding period.

isms can to an extent contribute to the variation in concentra-

tion of DO between replicated samples during the first half2 3 Statistical analysis

of the experiment. However since we wanted to minimize the

perturbation, water samples collected from the mesocosmginear regression was used to analyze the significance of re-

were poured into BOD bottles without any pre-treatment.  sponses of NCP, CR, GCP, and ratios of cumulative NCP to
NCP and CR were measured every 2 and every 4 days, resumulative consumption of N£and PQ to increasegpCO;

spectively, between—1 and¢7 and betweenl12 and¢28. levels. WhenpCO,-dependent NCP, CR, and GCP were an-

That is, the incubations of both NCP and CR bottles andalyzed on a certain day, theCO, values measured on that

www.biogeosciences.net/10/315/2013/ Biogeosciences, 10,3%2013
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Table 2.Initial condition in the nine mesocosms. DatarOrare shown as a reference (Schulz et al., 2012). DIN (dissolved inorganic nitrogen)
is the sum of N@, NOo, and NH;.

Para- Tempe- N NO» NHz POy Si DIN: DIN:  Si Chla

meter rature (umol (umol (umol (umol (umol RO Si PO,  (ug L=1)2
cctr  -NLhH o-NLhH ooNLhH PLh sl

Meant 2.9+ 0.02+ 0.00+ 0.59+ 0.05+  0.13% 113+ 4.7+ 25+ 0.21+

SD 0.1 0.01 0.00 0.05 0.01 0.02 14 09 06 002
(n=9)

1 The data on temperature were based on the mean of 0-12 m in each mesocosm (Schulz et al., 2012).
2 The data on Cht are based on the HPLC method (Schulz et al., 2012).

day were used. For the regression analysis of the cumulativand chlorophytes (Schulz et al., 2012). Top-down control on
parameters, the mearCO, during the corresponding period nanophytoplankton by microzooplankton grazing and viral
was used. All statistical analyses were performed with R (Rlysis was important especially during phase 1 (Brussaard et
Development Core Team, 2008). al., 2012). The Chk concentration at elevatedCO, was
statistically higher during phase 2, but lower during phase 3
(Schulz et al., 2012).
3 Results GCP ranged from —0.5+1.0 to 11.2£2.3pumol
O,L1d! between:r—1 and 28 (Fig. 1). Note that
The Arctic coastal water used to fill the mesocosms had lowhegative values were not statistically different from 0 (F-test,
concentrations of dissolved inorganic nutrients and &hl  p > 0.05). The lowest and the highest GCPs were mostly
The concentrations of N&and PQ but not NH; were close  observed, respectively, before the nutrient addition and
to the detection limit of the conventional nutrient analysis, towards the end of the e)(perimerﬂzqf or [28) There
and the mean Chi concentration determined by the high- were a few exceptions: the smallest GCP was observed
performance liquid chromatography method was 0.21Hg L after the nutrient additions{6) in M6, and the highest
on ¢0 (Table 2; Schulz et al., 2012). The mean ratios ofvalue was observed before the nutrient additioh2) in
dissolved inorganic nitrogen (DIN: sum of NHNOs, and  M9. After the nutrient addition, while GCP showed two
NO2) to PQy, DIN to Si, and Sito P@Qwere 11.3, 4.7, and peaks in M1 and a reduction in M9, it increased towards
2.5, respectively, in all mesocosms (Table 2; Schulz et al.the end of the experiment in the other mesocosms. Linear
2012). The water temperature was homogeneous in the waegression analysis detected a significant decrease of GCP as

ter column of the mesocosms at the beginning, and increaseg function of increasingCO, on 24 (—0.008+ 0.002 umol
gradually, especially in the upper 5 to 10 m, until the end of O, L~1d~1 patnt?, P < 0.05).

the experiment{ 2.7 to~ 5.5°C), while it was always sim- The extent of temporal variation of CR-6.6 to 0.25 pmol
ilar in all mesocosms (coefficient of variation: 0 to 6 %; see O, L~1 d~1) was about half of that of GCP during the experi-
Schulz et al., 2012). ment (Fig. 1). The positive CR measured in M2@was not

The concentrations of dissolved inorganic nutrients re-statistically different from zero (F-tesf, = 0.89). The high-
mained low in all mesocosms until the nutrient addition per-est CR was observed before the nutrient addition in M1, M2,
formed ons13 (Schulz et al., 2012). After the addition of M3, M4, and M7, and after the nutrient addition in M5, M6,
nutrients, the net consumption rate of fll@nd PQ was M8, and M9. Linear regression analysis detected no signif-
statistically higher in highepCO, mesocosms from17  jcant relationship between CR apdCO; levels on any day
to 722, while the cumulative nutrient consumption became (F-test,P > 0.05).
similar in all mesocosms toward the end of the experiment NCP was mostly close to zero or positive during the ex-
(Schulz et al., 2012). The concentration of Ghranged  periment (Fig. 1). Statistically significant negative NCP val-
from 0.1 to 2.6 ug L* (0 to 130) and increased during the yes were detected seven times (M2 and M8tenl, M7
experiment (Fig. 1, see also Schulz et al., 2012). Peaks 0fn 7, M5 and M7 ont12, M6 on:16, and M6 onr24).

Chl a were observed three times in all mesocosms: oncesimilar to GCP, the smallest and the highest NCP in each
before the nutrient addition§, range: 0.5-0.9ugt!) and  mesocosm were mostly observed before the nutrient addi-
twice after the nutrient additiorr19 ands28, range: 0.3- tjon and towards the end of the experimer2§ or 128),
1.0ug Lt and 0.6-1.8 ugtt, respectively). The first Chl  respectively. There were a few exceptions: the lowest NCP
peak during phase 1 was largely dominated by haptophytesyas observed after the nutrient additiori) in M6, and
while, after the nutrient enrichment, the second was duehe highest was observed before the nutrient additiag)(

to prasinophytes, dinoflagellates, and cryptophytes, and thgy M9. NCP in all mesocosms but M9 tended to increase
third was due to haptophytes, prasinophytes, dinoflagellates,

Biogeosciences, 10, 31825 2013 www.biogeosciences.net/10/315/2013/



T. Tanaka et al.: Effect of increasedpCO, on the planktonic metabolic balance 319

15 1 v IR LN e [T 60 phase 1 - 60 phase 2 s
10 4 (175 patm 180 patm) patm) 40 - A 40 4
(175 patm) (180 1 ©1 sas A A a “1 as,a 2
51 et ¢ P N .
o] 2% . ¢ L - $e, .« *
0
— -20 gvvv v oy o -20 - gvvv -~ v v
-5 = -40 v -40 -
T 15 L 3 —~
S o 60 : : -60 e
5 10 Latm) 2 o 0 500 1000 1500 0 200 400 600 800 1000 1200
£ r2 5 g 80 phase 3 100 phase 2+3
= 5 )5 - E e 60 c| goA . d
3 o s 0 E g o dees :
v SRR s @ 1 . ~2 40 4 .-
© 54 T 5 “ 20 * N 20 4
o 45— — — 0 o * 04 *
Q M6 M5 M9 & 01 201
10 - (675 patm) (860 patm) (1085 patm) zZ 20 v vVyvy vv v g 40 v g VYV v
r q>) v - v v v v
5 j f o £ 40 T T T T -60 T T T T T
.z 3 { s \§_§ E 0 200 400 600 800 1000 0 200 400 600 800 1000
0 \zéz i m [ (3 150 whole period x pCO, (1atm)
5 10{ 2%as ° a
0 5 10 15 20 25 300 5 10 15 20 25 300 5 10 15 20 25 30 50 LXK PN ° * “
Days 0 . *
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intermediatepCO, treatments (M4, M8, and M1) and red for high gle), NCP (filled diamond), and CR (open downside triangle) (umol
pCO, treatments (M6, M5, and M9). Black solid lines are HPLC- O2L ™) vs. the meapCO; (uatm) during(a) phase 1 (end of CO
based chlorophyll concentration (ugtl: Schulz et al., 2012). manipulation until nutrient additiorr4 to r13), (b) phase 2 (nu-
Vertical dotted lines separate phases 1, 2, and 3 during the expeftient addition until the second chlorophyll minimuwi4 tos21),

iment (see also the textpCO, values (uatm) denote the mean dur- (¢) Phase 3 (the second chlorophyll minimum until the end of this
ing the experiment (Bellerby et al., 2012). study: 22 t0¢28), (d) phase 23 (after nutrient additionz14 to

t28), and(e) the whole period#4 to t28). The lines indicate statis-
tically significant relationship (F-tesP < 0.05).

after the nutrient addition towards the end of the experi-

ment. The temporal variation of NCP in each mesocosmP =0.001) and during phase 23 (slopetse:
during the experiment tended to decrease with increasing-0.044+0.01pmol QL lpatntl, n=9, F-test,
pCO; level. Linear regression analysis detected a significantP =0.005). The cumulative NCP slightly increased
decrease of NCP with increase pCO, level onz24 and  with increasing pCO, during phases 1 and 2, although
126 (slopetse: —0.008+ 0.003 and—0.008+0.001 umol  the regression slope was not significait X 0.05). The
O, L~tdtuatnt?!, respectively onr24 andr26, F-test, relationship between cumulative NCP aneCO, dur-

P < 0.05 for both cases). ing the whole period was statistically negative (F-test,
The cumulative NCP revealed that it was negative in only P =0.02) only when the data from M7 were not in-
one mesocosm (M7) before the nutrient addition (phase 1fluded in the analysis. The relationship between CR and

(Fig. 2). It should be noted that M3 and M7 were treated aspCO, was always insignificant (F-testP > 0.05). The
the control in the same way with regard to the £Og&rtur-  cumulative GCP significantly decreased with increasing
bation (i.e., no C@ enrichment). During phase 3, only the pCO, during phase 3 (slopese: —0.05+ 0.01 pmol
cumulative NCP in M9 was negative. The proportion of the O, L~ patnt, n=9, F-test, P <0.001) and during
cumulative NCP during the whole period was highest duringphase 2+ 3 (slope+ se: —0.04+0.01 pmol Q L~1 patnt?,
phase 3 in all mesocosms except M9. The cumulative CR im = 9, F-test,P =0.019).
all mesocosms tended to be similar between different phases. The net consumption rate of NCand PQ with in-
The proportion of the cumulative GCP was highest duringcreasingpCO,, both significantly increased during phase 2
phase 3 in all mesocosms except M1, 6, and 9. and decreased during phase 3 (F-teRt< 0.05; Schulz

A linear regression describes theCO,-dependent de- et al.,, 2012). During the period betweeild4 and r28
crease of cumulative NCP during phase 3 (stose: (phase 2+ 3), the cumulative consumption of NOCand
—0.05+0.01pmol QL lpatnml, n=09, F-test, POy was respectively similar between nine mesocosms

www.biogeosciences.net/10/315/2013/ Biogeosciences, 10,3%2013
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(5.3-5.5umol N1, 0.32-0.38 umol Pt1), and thus the
ratios of cumulative consumption of NOto PQ; were
similar in all mesocosms (range: 14-147=9; Schulz et

al., 2012), which is close to Redfield ratio of 16. Assuming
a photosynthetic quotient of 1.25 (Williams, et al., 1979),
the ratios of cumulative NCP to cumulative consumption of
NO3 and PQ (i.e., C:N and C:P ratios) in all mesocosms
were 0.1t0 5.2 and 1 to 76, respectively, during phase 2 and
—1.6 to 12 and—24 to 210, respectively, during phase 3
(Fig. 3). The negative ratios were due to the negative cu- 0 200 400 600 800 1000 1200
mulative NCP in M9 during phase 3. TheCO,-dependent

15

-
o
1

Cumulative NCP : ANO,
(umol C umol N
(&)}

) ) A N Ov O phase 2
decrease in ratio of cumulative NCP to cumulative con- T 200 - a A phase 3
sumption of N@ and PQ was detected during phase 3 = 150 O phase 2+3
(slopexse: —0.01440.003 pmol Cpmol N patnr?, o g
n=9, F-test, P=0.003; slopetse: —0.2240.05umol z o 1007
Cumol P lpatnm?, n =9, F-test,P = 0.003, respectively) 2 5 50 -
and during phase 23 (slopetse: —0.005+ 0.001 pmol ‘—3“ g
Cumol N lpatnt®, n =9, F-test,P =0.011; slopet se: E = 0
—0.074£0.02pumol  Cumol Plpatnt!, n =9, F-test, o -50 T -
P =0.019, respectively). 0 200 400 600 800 1000 1200
pCO, (uatm)
4 Discussion Fig. 3. Relationships between ratios of NCP (umol Clid—1) to

cumulative consumption of N©(umol NL~1) and PQ (umol

This experiment was set up as a gradient6f; levelswith P L™1) vs. the meapCO, (Hatm) during phase 2 (nutrient addition
a range of 185 to 1420 patm oB/9 (Table 1; Bellerby et  until the second chlorophyll minimum14 toz21) (circle), phase 3
al., 2012). The water used to fill the mesocosms had |owfthe second chlorophyll minimum until the end of this stud32
concentrations of N§ PQy, Si, and Chla, and the nutri- to 128) (triangle), and phase23 (after nutrient additionz14 to
ent stoichiometry suggests a depletion of dissolved inorganid22) ($9uare). NCP values based on changes of dissolved oxygen

) 4 Si q Table 2- Schul | concentration were converted to carbon unit under an assumption
nitrogen and Si compared to RQTable 2; Schulz et al., ¢, otosynthetic quotient of 1.25 (Williams et al., 1979). The solid
2012). The water temperature increased gradually, especially, gotted lines indicate statistically significant relationship during

in the upper 5 to 10m, in all mesocosms during the experphase 3 and phasei23, respectively (F-tes® < 0.05).
iment (2.7 to 5.8C; Schulz et al., 2012). The growth rate

of planktonic organisms is sensitive to increasing water tem-
perature (Eppley, 1972; Rose and Caron, 2007; Kirchman et
al., 2009). Significant effects of temperature and/or nutrientexperiment in all mesocosms, with no consistent pattern
supply on microbial metabolism are observed in cold watersfound in response to changegif€0,. As a result, the cumu-
(e.g., Pomeroy et al., 1991), but CR remained relatively stalative gross community production (the difference between
ble in our study. Since our experimental design did not in-NCP and CR) significantly decreased with increagn@»
clude a control mesocosm with regard to water temperaturdevel during phase 3. While the nutrient addition <38 in-
and nutrients, it is not possible to separate the effect of temduced an increase of phytoplankton biomass in all meso-
perature and availability of nutrients from that of ocean acid-cosms, the ratio of cumulative NCP to cumulative consump-
ification on the responses of NCP, CR, and GCP values retion of NO3 and PQ significantly decreased with increasing
ported in the present study. In other words, the responses gfCO, during phase 3, suggesting alterations of the stoichio-
the metabolic balance in each mesocosm can be regarded agetric C:N and C:P uptake by the plankton community in
an effect of a giverpCO, set up at the start of the experi- response to increasingCO;.
ment, overridden with a gradual increase of water tempera- In this experiment NCP of whole plankton community
ture throughout the experiment and a nutrient enrichment orwas determined based on three different methods: tempo-
t13 to all mesocosms. ral changes of total carborC{) concentration (hereafter,
The cumulative net community production of the post- Ct-NCP) (Czerny et al., 2012; Silyakova et al., 2012), net
bloom plankton community in a high-latitude fjord estimated 13C-POC production (hereafté?C-NCP) (de Kluijver et al.,
using the oxygen technigue significantly decreased with in-2012), and net oxygen production in incubation bottles (here-
creasingpCO, after nutrient addition during the period of the after, Q-NCP) (this study). Conceptually, these methods are
second Chk minimum until the end of this study (phase 3). considered to measure the process of NCP. However, there
Community respiration was relatively stable throughout theare some differences in practice (see Czerny et al., 2012;
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Fig. 4. Comparison of NCP measured with three different methods: temporal changes of total carbon concentration (ligr&EtE),
(Silyakova et al., 2012), néfC-POC production (hereafteF,”C-NCP) (de Kluijver et al., 2012), and net oxygen production in incubation
bottles (hereafter, ®NCP) (this study). The data were cumulated for each period: phas:ta (13; circle), phase 2r14 tor21; upward
triangle), phase ¥22 tot27; downward triangle), phaset23 (114 tot22; square), and the whole peria® ¢o:27; cross). When NCP was
not measured every day, the data were linearly interpolated before cumulation. See also Table 3. The solid lines indidatel&tiodship.

Table 3. Correlation analysis of NCP measured with three differ-

de Kluijver et al., 2012; Silyakova et al., 2012)7-NCP is
ent methods: temporal changes of total carbon concentratipn (

based on daily measurements @f in integrated samples
(no incubation) and on a correction for gas exchagé-  NCP) (Silyakova et al., 2012), né#C-POC production'®C-NCP)
NCP is a measure of mesocosm-scale accumulatid@f (de Kluijver et al., 2012), and net oxygen production in incubation
POC in the water column and sediment material, and als@°ttles (2-NCP) (this study). The data were cumulated for each
does not require incubation (addition BiC-bicarbonate to  Peod: phase 1r@ to713), phase 2:(4 to21), phase 3:@2 to

. - t27), phase 2-3 (14 to22), and the whole period§ to r27).
the mesocosms an-4). O-NCP is based on changes in the When NCP was not measured every day, the data were linearly

concentration .Of DO during 24,' hiincubation of the integratedinterpolated before cumulation. Significant coefficients of correla-
samples at a fixed depth outside the mesocosms. tion are shown in bold with (P <0.05),™ (P <0.01), and™
Cumulative Q-NCP was generally similar to cumulative (p <0.001) ¢ = 9 for all cases). See also Fig. 4.

Ct-NCP and higher than cumulativéC-NCP (Fig. 4). Cu-

mulative Q-NCP positively correlated with both cumulative Period Parameter Ct-based 13C-based

Ct- and3C-NCP during phases 3 and+23 (P < 0.05) (Ta-

ble 3). However, the correlation between-8CP and the pEase; 0'361%8 50?;(7)36

other NCPs was low during the other phases. Cumulative phase O--based g .
13 phase 3 >-based (927 0.913

Ct- and*°C-NCP always showed the same trend and were "

. : phase 23 0.792 0.757
highly correlated{ = 0.785-0.976 P < 0.05) except during whole period 0113 0128
phase 1 (Table 3), while cumulatitléC-NCP tended to be i i
smaller than cumulativeét-NCP (Fig. 4). Production rate of phase 1 0.553
POC and DOC for the: 200 pm community measured using phase 2 Cr-based 0-785**
14C in the same experiment, which is somewhat between net phase 3 T-based - 0-93'7**
and gross primary production, was always higher than these ~ Phase 2+3 0-976*

whole period 0.838

three NCPs (see Engel et al., 2012). Hence, the responses
of cumulative NCP with increasingCO, were somewhat
different between the three measurements: (1) insignificant
responses of ®NCP with increasinggCO, during phases 1  ratio of cumulativeCt-NCP to NG and PQ was insignifi-
and 2, but significant positive responsesa-NCP during  cant with increasingCO; (Fig. 3; Silyakova et al., 2012).
phase 1 and3C-NCP during phase 2; (2) insignificant re-

sponses of @NCP with increasinggCO, during the whole

period, but significant negative responsé@-NCP (Fig. 2;

de Kluijver et al., 2012; Silyakova et al., 2012). The cumula-

tive O>-NCP during phases 1 and 2 in response to increasing

pCO, tended to be positive but was statistically insignificant.

Moreover the ratio of cumulative £NCP to NG and PQ

with increasingpCO, was significant during phase 3, but the
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We speculate that these differences were due to (1) less fresf standing stock and phytoplankton composition positively
quent measurement of;eNCP, (2) less representative mea- or negatively correlated with increasingCO,, and pCO,-
surement of @-NCP, and/or (3) possible modification of C related differences in phytoplankton pigment composition,
and @ coupling of the plankton community. Since the cu- phytoplankton carbon biomass, and organic matter became
mulative calculation was based on only three data points durincreasingly significant as the experiment progressed. While
ing phase 1 (Fig. 1), the less frequent measurement coulthe photosynthetic quotient was assumed to be 1.25 in this
contribute to a relatively large uncertainty for the cumula- study, it generally varies in arange of 1.2to 1.8 (Laws, 1991).
tive O,-NCP. It should be noted that the correlation betweenA study in the Canadian high Arctic reports an apparent pho-
C1-NCP and™C-NCP was insignificant during phase 1 (Ta- tosynthetic quotient in the range of 1.3 to 1.8 (Platt et al.,
ble 3). During phases 23, O,-NCP was measured every 1987). Assuming a photosynthetic quotient of 1.8, the ra-
second day, whil€T-NCP andt3C-NCP were measured ev- tios of cumulative NCP to cumulative consumption of NO
ery day (except on26 and28 for13C-NCP). Unless skewed and PQ (i.e., C:N and C:P ratios) in all mesocosms would
increases of NCP happened on daily scale, it is difficult to ex-be proportionally reduced (C:N0.05 to 3.6 and C:R 1 to
plain why a similar response was detected for all three NCP52 during phase 2 and C:N—1.1to 8.2 and C:B —17 to
datasets during phase 3 but the response,dllOP was dif- 146 during phase 3) but the significant relationships would
ferent from the others only during phase 2 (marginally pos-remain unchanged (data not shown). It is possible that the
itive for CT-NCP during phase 2P =0.08). As mentioned photosynthetic quotient is a function of the nutrient concen-
above, there were some important differences in measuretration (Williams et al., 1979). In addition, an application of a
ment and incubation of samples between the three methodsonstant photosynthetic quotient to alLO, treatments may
02-NCP was measured by incubating the integrated sampleadd further uncertainty to the comparison of-RCP with

for 24h at a fixed depth at the mooring site. Although we the carbon-based NCP, although to our knowledge change of
chose the incubation depth of 4m at which the irradiancephotosynthetic quotient in response to increagi@p, re-
corresponded to the average irradiance of the water colummains to be clarified. A significant increase@f-NCP and
sampled in the mesocosms (0 to 12 m), the mooring site waan insignificant response of2dNCP with increasinggCO,
occasionally influenced by the plume of a nearby stream, rehave been reported frompeCO,-manipulated mesocosm ex-
sulting in reduced water transparency and irradiance. In thg@eriment performed using relatively temperate coastal water
mesocosms, photosynthetically active radiation at 14.5 m anéh Norway (60.6 N, 5.2 E) (Riebesell et al., 2007; Bellerby
4.2 m depth varied in a range of 2-15% and 10-30 %, re-et al., 2008; Egge et al., 2009).

spectively, in comparison to the surface layer (0.1 to 0.2m), Ocean acidification leads to both negative and positive ef-
which was likely because of temporal changes of phyto-fects on biological processes (reviewed by Hendriks et al.,
plankton biomass (Schulz et al., 2012). Gao et al. (2012)2010; Kroeker et al., 2010; Liu et al., 2010). A meta-analysis
recently reported that the growth rate of three species of disuggests that photosynthetic organisms show higher growth
atoms subjected to elevate€ O, is inversely related to light  rates with increasingCO, and concludes that natural phy-
at irradiance levels above 22 to 36 % of surface irradiance irtoplankton assemblages consistently show a relatively mod-
the South China Sea, and the threshold of photoinhibitionest increase in carbon fixation at elevaye@O, (Hendriks
occurs at lower irradiance in elevatp@€O, compared to the  etal., 2010). Yoshimura et al. (2010) reported that increasing
ambientpCO». This demonstrates the confounding effects of pCO, treatment resulted in a significantly smaller accumula-
the synergistic and antagonistic interactiong@O, and ir-  tion of dissolved organic carbon with a reduced contribution
radiance conditions on the response of phytoplankton (e.g.of fucoxanthin-containing phytoplankton such as diatoms in
Boyd et al., 2010). In this study, irradiance was not mea-the phytoplankton community in a G@nanipulated experi-
sured at the mooring site during the experiment, preventingment in the Sea of Okhotsk. They did not find any significant
the comparison of the light condition between the mesocosneffect on Chla and POC, although phytoplankton growth
site and the mooring site. It has been reported that long incuer production was not measured. Their results may hint at
bation (24 h for NCP and 48 h for CR in this study) in bottles reduced NCP with increasingCOo,. In the present study,
can result in important changes in the abundance, activityeven though phase 3 seems relatively short (one-third of the
and composition of the community, leading in turn to sig- whole experimental period), the cumulative NCP based on all
nificant changes in the planktonic metabolism (Pomeroy ethree measurements showed significantly negative effect of
al., 1994; Calvo-az et al., 2011). However, unless the ir- increasingpCO, for pelagic plankton communities (Fig. 2;
radiance was significantly different between the mesocosnde Kluijver et al., 2012; Silyakova et al., 2012).

site and the mooring site and/or the artifact of bottle incu- The net consumption rate of N@nd PQ was higher at
bation was only significant during phase 2, it is difficult to the higher levels opCO, during phase 2 and at the lower
explain why a similar response was detected for all threepCO, levels during phase 3 (Schulz et al., 2012). During
NCP datasets during phase 3 but only the response;of O phase 2, a statistically significant, positive correlation with
NCP was different from the others during phase 2. InterestincreasingpCO, was found for the concentrations of DOC,
ingly, Schulz et al. (2012) report that numerous parameters?OC, PON, and POP, but not for any stoichiometric ratio
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(Schulz et al., 2012). The higher consumption rate ogMO  gistical support. This study could have been performed without

higherpCO; levels observed in the same study (Schulz et al.,the kind support of all members of the EPOCA 2010 scientific party.

2012) is in contrast with the findings of Riebesell et al. (2007)

who reported higher N©consumption at lowepCO, lev-  Edited by: T. F. Thingstad

els at the beginning of the experiment. While the cumulative

consumption of N@ was similar between the mesocosms

during phase 23 in the present study, the ratio of POC to

PON in the mesocosm water column was about 8 at the low

pCO; levels and about 6 at the higheCO, levels at the

end of the experiment (Schulz et al., 2012). This trend was

amplified in the ratio of POC to PON in the sediment ma-

terials of mesocosms (Czerny et al., 2012). The abundance

of diatoms increased faster in the lowg€0, treatments The publication of this article is financed by CNRS-INSU.

from 720 onward in the same experiment (Aberle et al., 2012;

Schul_z et al., 2012), and_ higher amounts of diatom-derive(JR(:ﬂcere[,]Ces

material were collected in the sediment traps of the lower

pCO2 mesocosms (Czerny et al., 2012). The mechanism(shberle, N., Schulz, K. G., Stuhr, A., Ludwig, A., and Riebesell, U.:

that caused these stoichiometric responses remains to be elu-High tolerance of protozooplankton to ocean acidification in an

cidated. Yet it is evident that increasingCO, resulted in Arctic coastal plankton community, Biogeosciences Discuss., 9,

alteration of stoichiometric coupling of C and nutrients in ~ 13031-13051dl0i:10.5194/bgd-9-13031-2012012.

the present study, which may change the nutritional value foBellerby, R. G. J., Schulz, K. G., Riebesell, U., Neill, C., Nondal,

higher trophic levels. G., Heegaard, E., Jphannessen, T, apd Brown, K. R.:_Marine
In conclusion, the metabolic parameters (NCP, CR, and ©Cosystem community carbon and nutrient uptake stoichiometry

GCP) of planktonic communities based on changes of DO under varying ocean acidification during the PeECE Il exper-

. . LY iment, Biogeosciences, 5, 1517-152i6i:10.5194/bg-5-1517-
concentration at differentCO; levels showed insignificant 2008 20089 20 g

response of NCP during phases 1 and 2 and a significange|ierhy, R. G. J., Silyakova, A., Nondal, G., Slagstad, D., Czerny,
decrease of NCP as a function of increaspi@O; during J., de Lange, T., and Ludwig, A.: Marine carbonate system evo-
phase 3. CR was relatively stable throughout the experiment |ution during the EPOCA Arctic pelagic ecosystem experiment
in all mesocosms. As a result, the cumulative GCP signifi- in the context of simulated Arctic ocean acidification, Biogeo-
cantly decreased with increasipg€ O, only during phase 3. sciences Discuss., 9, 15541-15566j:10.5194/bgd-9-15541-
Similarly, the ratios of cumulative NCP to cumulative con- 2012 2012.

sumption of NQ and PQ showed insignificant response Borchard, C., Borges, A. V., Handel, N., and Engel, A.: Biogeo-
during phase 2 but significant decrease during phase 3 with chemical response dmiliania huxleyi(PML B92/11) to el-
increasingyCOy,. The results suggest that elevapedO; in- evated CQ and temperature ur_]der phosphorous limitation: A
fluenced cumulative NCP and stoichiometric C and nutrient chemostat study, J. Exp. Mar. Biol. Ecol., 410, 6171, 2011.

. o . . . Boyd, P. W., Strzepek, R., Fu, F., and Hutchins, D. A.: Environmen-
coupling Of the plankton Cqmmumty Ina h'gh"a““_‘de fjord tal control of open-ocean phytoplankton groups: now and in the
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