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Abstract. Climate warming is especially severe in the Arc- 1 Introduction

tic, where the average temperature is increasing©.ger

decade, two to three times higher than the global averagdhe European Arctic Ocean (consisting of the Barents Sea
rate. Furthermore, the Arctic has lost more than half of itsand the Fram Strait) is highly influenced by the North At-
summer ice extent since 1980 and predictions suggest thé@ntic Currentwhich brings warm waters into the Arctic caus-
the Arctic will be ice free in the summer as early as 2050,ing it to be a relatively ice free area and contributing signif-
which could increase the rate of warming. Predictions basedcantly to summer ice melt (Loeng et al., 1997; Schauer et
on the metabolic theory of ecology assume that temperaturél-, 2002). Moreover the European Arctic is characterized by
increase will enhance metabolic rates and thus both the ratthe large outflow of less saline cold waters from the north,
of primary production and respiration will increase. How- most notably from the East Greenland and East Spitsbergen
ever, these predictions do not consider the specific metaboli€urrents that a have high solubility to GOThese physi-
balance of the communities. We tested, experimentally, thecal properties are responsible for the high LCdptake in
response of Arctic plankton communities to seawater temthe mostly ice-free Barents Sea, which is estimated to be
perature spanning from°C to 10°C. Two types of com- 9 x 102gCyr ! (Fransson et al., 2001), compared to the
munities were tested, open-ocean Arctic communities fromentire ice-covered Arctic interior (3¢ 10'2g Cyrt; Kaltin
water collected in the Barents Sea and Atlantic influencedand Anderson, 2005). High biological production in this area
fiord communities from water collected in the Svalbard fjord @lso contributes to the role of the Arctic as a significanuCO
system. Metabolic rates did indeed increase as suggestedink (Loeng et al., 2005). The European Arctic corridor, is
by metabolic theory, however these results suggest an exesponsible for about 50 % of the primary production in the
perimental temperature threshold of@, beyond which the ~ entire Arctic Ocean (Sakshaug, 2004; Ellingsen et al., 2007;
metabolism of plankton communities shifts from autotrophic Pabi et al., 2008) which has been estimated to have primary
to heterotrophic. This threshold is also validated by field Production rates betweea30—100g Cnr2yr~! depend-
measurements across a range of temperatures which sufild on the mixing properties and ice cover of the region
gested a temperature 3@ beyond which Arctic plankton (Wassmann et al., 2010). High primary production supports
communities switch to heterotrophy. Barents Sea communifroductive fisheries (Pauly and Christensen, 1995) and con-
ties showed a much clearer threshold response to temperatutdbutes to the high atmospheric GQptake in the North At-
manipulations than fjord communities. lantic (Takahashi et al., 2002).
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Yet, the Arctic region is experiencing rapid climate from acting as an intense sink for atmosphericoCé&s they
change, warming three times faster than the global meamnlo at present, to becoming GQources to the atmosphere
(ACIA, 2004; Trenberth et al., 2007). Such a steep rate ofdue to enhanced respiration rates, and suggest that this shift
warming has resulted in severe reduction of ice cover, eximay occur within 6C of warming, with consequences for
ceeding the range of natural variability over the past mil- the global carbon budget and climate (Duarte et al., 2012).
lennia and creating potentially dangerous positive feedbacks Here we test the hypothesis (Vaquer-Suyner et al., 2010;
(Walsh, 2008; Duarte et al., 2012). Rapid warming is ex-Duarte et al., 2012) that Arctic plankton communities shift
pected to continue in the future, with up t6® warming  from acting as CQ sinks to acting as C&® sources at
throughout the 21st century (ACIA, 2004), and revised fore-a temperature threshold within°€ of current tempera-
casts suggest that the Arctic will be ice free in the summertures. We do so through an experimental examination of the
before 2050 (Holland et al., 2006; Bt al., 2009; Wang temperature-dependence of the response of Arctic commu-
and Overland, 2009; Wadhams, 2012). The ice cover ovenity metabolism along the temperature range of 1 t6Q,0
the Arctic Ocean reached a historical minimum in Septem-encompassing the range of seawater temperature expected
ber 2007 with a reduction of 43 % relative to the ice cover for the Arctic Ocean along the 21st Century (ACIA, 2004).
in 1979 (Kerr, 2007). In 2012 ice cover again approachedTo examine the possible role of temperature acclimation and
this historical minimum (National Snow and Ice Data Cen- adaptation of the communities, two separate experiments
ter, 2011 available atttp://nsidc.org). Sea ice is not only  were conducted, one with a plankton community sampled in
changing in extent, but is also decreasing in thickness (Jothe Arctic water close to the marginal ice zone of the Barents
hannessen et al., 1999; Kwok and Rothrock, 2009; WadhamsSea and another experiment with a community collected in
2012) as well as increasing in the duration of the ice meltwarmer, Atlantic-influenced fjords.
season (Belchansky et al., 2004). These factors are expected
to affect the primary productivity in the region by chang-
ing light regimes or affecting the timing of the spring bloom
(Wassmann et al., 2006, 2008, 2010; Ellingsen et al., 2008)2 Methods
In fact, previous studies have reported an increase in primary
productivity for the Arctic as a whole for these reasons (Ar- 2.1 Experimental overview
rigo et al., 2008; Pabi et al., 2008), however closer inspec-
tion actually reveals a decline in primary production in the We designed the experiments to compare the responses of an
Greenland and Barents Seas in 2007 due to increased ic@pen-ocean Arctic community and an Arctic community al-
cover moving out of the Arctic’s interior (Wassmann et al., ready acclimated to warm temperatures. We were conscious
2010). of the limitations of experimental manipulations to simulate

Besides light availability, temperature also plays a majorin situ changes, such as the short temporal scales of exper-
role in regulating metabolic processes (Iriberri et al., 1985;iments that do not allow for genetic changes and commu-
White et al., 1991; Brown et al., 2004), as described bynity restructuring to occur as well as the risk of creating a
the metabolic theory of ecology (MTE; Brown et al., 2004), “shock” treatment resulting in unexpected responses. In the
which predicts that primary production and respiration ratesBarents Sea community, we allowed the communities to ad-
should increase at different rates with increasing temperajust to the experimentally imposed temperature regime, by
ture (Harris et al., 2006; Lopez-Urrutia et al., 2006). Not- incubating the microcosms containing the communities for
ing that metabolic theory predicts that the activation energyl10 to 15 days, imposing warming rate<C(day 1) compa-
for respiration should be twice as high as that for photo-rable to those observed in nature, thereby allowing the re-
synthesis, Harris et al. (2006) predicted that a four degreesponses to be expressed. Using a time series of sea surface
increase in water temperatures should result in a 20 % intemperature (SST) from NOAAs Climate Prediction Cen-
crease in net primary production and a 43 % increase in hetter (http://nomad2.ncep.noaa.gov/nceégtaj, we extracted
erotrophic metabolism, resulting in a 16 % decrease of thewveekly average SST values for the last 2 decades during
photosynthesis/respiration ratios (P/R). Moreover, there ighe months of June and July for each sampling station using
evidence that respiration rates show very steep responses #01° square grid cell. Over two decades, the range of tem-
increased temperature at the low ambient temperatures foungerature experienced by the Barents Sea community in June
in Arctic waters (Pomeroy and Wiebe, 2001; Vaquer-Suynerand July was from-1.03-5.68C while the average range
et al., 2010). Indeed, the mean activation energy for commuof temperature experienced in any one year during June and
nity respiration in the Greenland Sea, derived from 13 inde-July is 0.98-4.28C, thus suggesting that these communities
pendent experiments, has been reported to befi@3eV  already experience temperature variability and thereby the
(Vaquer-Suyner et al., 2010), well above the value of 0.65temperature treatments used encompassed a June-July vari-
eV predicted from theory (&pez-Urrutia et al., 2006). On ation range plus 5C. Hence, the responses evaluated here
the basis of these results, Vaquer-Suyner et al. (2010) postiirave two components: (1) a physiological component, re-
lated that warming may lead to Arctic communities shifting flecting the effect of temperature on metabolic processes; and
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(2) a community component, reflecting the effect of temper-the large amount of suspended particles and sediments from
ature on community composition and biomass. river and glacier run-off, that combined with the cloudiness
Seawater samples were collected in 60 L polypropylenein May—June as well as the incident angle of the sun during
carboys previously treated with HCI for at least 48 h andthat time of year (Sakshaug et al., 2009) suggests that the
thoroughly rinsed with the seawater from the sampling site.light irradiance used throughout the experiment was within
The experimental evaluation of temperature effects on thahe range of possible light regimes experienced by a com-
community metabolism of an open-sea planktonic commu-munity collected at 26 m depth in the open ocean during that
nity was performed with a plankton community found in wa- time of year. As for the fjord water, radiation likely to be
ter collected on 27 June 2009 at 26 m depth in the Barentexperienced at 2m depth should not have exceeded 350-
Sea (77N, 28 E), southeast of the Svalbard archipelago, us-200 pmol nt?s~! (Sakshaug et al., 2009), is likely higher
ing the CTD (conductivity, temperature, depth) rosette sam-than the irradiance from the florescent lights. This may be
pling system available on R/¥an Mayer(water temperature an explanation for the general increase in chloroptybn-
—1.19°C, salinity 33.92). A second experiment was con- centrations for all treatments in the fjord water experiment.
ducted using fjord water sampled from a boat using a pumpHowever, the overall trend of chlorophyidlconcentrations in
at 2m depth in Isfjorden (78N, 14° E), the second largest both experiments would not be confounded by photoadapta-
fiord in Svalbard. In contrast to the first experiment with the tion as all temperature treatments were exposed to the same
Barents Sea plankton community, the community sampled airradiance throughout the experiment.
Isfiorden was expected to represent an Atlantic-influenced The temperature treatments for the Barents Sea commu-
community growing at warmer temperatures, thereby wenity, sampled at-1°C in situ temperature, were achieved
aimed to asses the responses of both Arctic communitie®y gradually warming over three days to reach the target
and the Atlantic community expected to invade an Arctic po-temperature while avoiding a temperature shock response of
lar ocean free of ice. Indeed, water temperature at Isfjorderthe communities. We did not raise the temperature gradu-
(6.2°C) on the sampling date (8 July 2009) was much higherally for the fjord community as the water was collected at
than that of the Barents Sea community, whereas the salinit$.2°C. Due to the unstable temperature conditions in the

was comparable (32.73). cooling rooms, the temperatures fluctuated somewhat along
both experiments, but the average temperature was success-
2.2 Experimental design and set-up fully maintained in the different tanks (Tables 2 and 3). The

experiment was maintained during 15 days for the Barents
The experiments were conducted in temperature regulategea community and 10days for the Isfjorden community.
cold rooms (set at 4-%C) at the University Center in Sval- The Arctic community was maintained longer due to a slower
bard (UNIS), Longyearbyen. All plastic and glassware usedresponse time, which was determined using daily chloro-
for the incubations was previously cleaned with dilute HCI phyll « measurements, to evaluate the time-course of the re-
and thoroughly rinsed with seawater. Seven experimentagponse. The duplicate samples for the Barents Sea commu-
temperatures, ranging from 1’6 to 10.5°C, in 1.5°Cincre-  nity were pooled after day 10 to have sufficient water volume
ments, were tested, thereby encompassing the full range ab continue the experiment on to day 15. Tha&C7tempera-
temperatures forecasted for the Arctic over the 21st Centuryture treatment was lost in the middle of the experiment with
The water from the 60 L carboys was mixed in 280 L contain-the Isfjorden community due to technical problems leading
ers and transferred to duplicate acid-washed 20 L clear polyto a sharp increase in temperature. Hence, this treatment was
carbonate Nalgeﬁg bottles. Both of the duplicate bottles discontinued.
for each experimental temperature treatment were submersed
in a 280 L tank connected to a temperature control unit (Poly-2.3 Variables measured
Science 9600 series, precision 8C) with an impelling and
expelling pump. Temperature data loggers were submerse8amples of 50 mL for chlorophydl determination were col-
in each tank to monitor the resulting water temperature. Thdected on the same days that metabolism samples were col-
setup was completed with two fluorescent light tubes per tankected and filtered through Whatmann GF/F (glass fiber) fil-
as to provide an appropriate, continuous light environmentters. Chlorophylk: on the filters was extracted in 90 % ace-
The light emitted from florescent lamps was measured to beone for 24 h. The concentration was measured fluorometri-
90 pmol photons m? s~1 using a LI-1000 Li-Cor radiation  cally following Parsons et al. (1984).
sensor. The experimental irradiance used was similar across Other parameters such as nutrients, cell counts, and bacte-
all tanks and remained constant 24 h a day throughout bothial abundance were measured throughout the experiments at
experiments. This irradiance was selected so as to reproduc®-3 day intervals. Nutrient samples were collected and kept
a light environment similar to where the plankton commu- frozen until later analysis. Phosphorus, nitrate + nitrite, and
nities were collected, based on measurements from earliesilicate concentrations were analyzed using standard meth-
cruises in this season. The Barents Sea waters sampled aoels (Hansen and Koroleff, 1999) in a Bran Luebe AA3 au-
characterised by a relatively high light attenuation due totoanalyzer. Bacterial abundance was determined in 10 mL
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samples fixed with formaldehyde (2% final concentration 1966). The mean analytical precision of oxygen determina-
and filtered onto 0.2 um pore size, black polycarbonate fil-tions across both experiments was 0.9 % (median= 0.7 %),
ters. Filters were stained witH,8-diamidino-2-phenylindole  which is well above the analytical limit of the method de-
(DAPI) and bacteria were counted using an epifluorescencéermined to be 0.02% (Robinson and Williams, 2005), but
microscope following the methods described by Porter andcomparable to the error reported in other efforts to resolve
Feig (1980). Heterotrophic bacterial production was esti-metabolic rates in the Arctic (Cotrell et al. 2006). The low
mated by measuring the rates of incorporatiodtéfleucine  precision is attributable to the small volume of the Win-
into biomass in microcentrifuge tubes (Smith and Azam,kler bottles (25-35 mL) used compared to standard volumes
1992). Three replicates and two blanks containing 1.2 mL(100-250 mL) which were chosen to avoid depleting the mi-
seawater and 40 nM leucine (final concentration) were pro-crocosms of water. We examined using a Monte Carlo re-
cessed for each sample. Blanks were killed by the additiorsampling approach, the contribution of the relatively low
of tricholoroacetic acid (5% final concentration) before the precision of our oxygen measurements to the error in the
radioactive tracer was added. Samples were incubated at theetabolic rates determined, and found that the analytical pre-
corresponding temperatures for 2—-4 h and processed as deision contributed between 45 and 66 % to the standard devi-
scribed in Smith and Azam (1992). Rates of leucine incor-ation of the rate measurements, suggesting that the low preci-
poration were transformed into biomass production by usingsion of our oxygen measurements plays a modest role in our
a conversion factor of 1.5kg C per mol of leucine incorpo- capacity to resolve significant differences in metabolic rates.
rated, assuming no intracellular dilution of the tracer (SimonStandard errors for metabolic rates (NCP, CR, and GPP) were
and Azam, 1989). calculated using error propagation.

Community metabolism (gross primary production, com-
munity respiration and net community production) was de-2.4 Experimental threshold detection
termined from changes in oxygen over a 24 h period using )
the micro-Winkler method for determining dissolved oxygen !N the two threshold responses detected, data were adjusted
concentration (Oudot et al., 1988). During the experimentPY non-linear regression to the following sigmoid model

with the open-ocean Arctic community, metabolic rates werefunction:
determined on days 3, 4, 8, and 15 of the experimental pe- r—ro
riod. To avoid the depletion of the water in the microcosms,” =2 + 14 esC=TP)” @)

measurements on day three were performed in only one of

the two duplicate microcosms for each treatment, measurewherey is the actual value of the variable being fitted, in
ments on days 4 and 8 are based on both duplicate micrathis case, NCP and CR, andhe independent variable, tem-
cosms and those on day 15 were based on pooled sampl@grature. The other parameters are estimates by non-linear
from both duplicates. Isfiorden communities were sampledregression and describe different properties of the sigmoid
in each of the replicate microcosms on days 4 and 8 of the extUﬂCtiOl’].}"]_ andro are the mean of the values of the variable
perimental period. Water samples from each of the 14 experiat the two different regimes (high or lowj, describes the
mental units were carefully siphoned into narrow-mouth 25-slope of the changing part of the curve (how steep the change
35 ml borosilicate Winkler bottles under low light conditions is), and Tp is the experimental “tipping point” or threshold

in the temperature regulated cold rooms. After sampling,value, defined as the temperature corresponding to the center
five replicates were immediately fixed and used to deter-of the shifting part of the curve. AR? value for the curve
mine the initial oxygen concentration. Simultaneously, five Was determined as 1 minus the squared sum or the residuals
replicates each were incubated for 24 h in “dark” and “light” divided byy minus the mean of?.

and exposed to the same temperature and irradiance con- _ o o

ditions as the corresponding microcosms from which they2-> Experimental validation with field data

were sampled. Dark bottles were wrapped in black electrl-ln order to validate the experimental results, an exten-

cal tape and incubated in a submerged black plastic bag't;ive data base including 249 estimates of net community

nglficl:'%gt 20%?(3 Weenrié?}ii?}?::g;gssxgge;%? ;?;Epaxigmetabolism obtained between 2006 and 2011 from eight
P gs. Y9 Y y ruises conducted in the Greenland Sea and Svalbard Is-

kler titration using a potentiometric electrode and automateo‘cand region (see Vaquer-Sunyer et al., 2012, for details), was
endpoint detection (Mettler Toledo, DL28 fitrator) following used to examine the relationship betv;/,een A;ctic plankto,n net
Oudot et al. (1988). Community respiration (CR) and net

. . community production and temperature, and derive the asso-
community production (NCP) were calculated by subtract- _. . .
S . : . ciated threshold of temperature separating autotrophic from
ing initial dissolved oxygen concentrations from dissolved . .

: . oo eterotrophic communities.
oxygen concentrations measured after incubation in the darf<1
and light conditions respectively. Gross primary production
(GPP) was calculated by solving the mass balance equation
GPP=NCP +CR (Carpenter, 1965; Carritt and Carpenter,
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3 Results 1
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3.1 Response of the Barents Sea community
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The Barents Sea community showed a significant decline
in chlorophylla concentrations along the temperature range
(Fig. 1), as described by a fitted regression equation with a
slope 0f—0.02 ug Chkz L=1°C~1 (R2 = 0.68, p = 0.02) us-
ing mean chlorophyll: concentrations from all days sam-
pled.

Initial and average nutrient concentrations for all days 0 v 7 3 8 T0 T2
sampled from each temperature treatment are presented i Temperature (°C)
Table 1. In the experiment with open-sea communities sil-_ _ 1
icate and phosphate concentrations remain similar acrosg?: 1-Mean (=SE) chiorophylla concentration (g Chit L) of

the Barents Sea plankton community tested here, averaged over the

i + nitri — ;
all temperature treatments, however average nitrate nltrlt%ays when samples for determination of metabolic rates were taken,

concentrations are slightly negatively related to temperatureyqc.;s the mean temperatufe€j recorded for each experimental

Bacterial abundance appears to increase with increasing teMreatment. The solid line shows a significapt£ 0.02) decrease in
peratures while bacterial production appears to be stronglyhiorophylla concentration with temperatur&$ = 0.68).
positively related to temperatures. Community metabolism
rates fluctuated greatly throughout the time course of the
experiment, as expected, as the communities acclimated ttNCP < 0, CR> GPP) at temperatures above 4C(Fig. 3c;
their new temperature treatments. Most notable difference3able 2). The temperature-dependence of NCP was driven
in temperature treatments were found in the last measureby changes in CR, since GPP was variable and apparently
ment with pooled microcosms at day 15 (Fig. 2a, b, and c),ndependent of temperature changes. GPP valueslaiC
as clear differences in chlorophyl concentrations began (Fig. 4b; Table 2) are lacking a standard error estimate due
to be seen (Fig. 2a). CR for the lowest temperatures (1.5, 3o lack of viable replicates (i.e., undetectable or negative val-
and 4.5°C) remained low throughout the experiment, while ues of GPP) and thus no trend with temperature was able to
CR for medium temperatures (6 and 7 rose throughout, be deduced from the GPP data, although there appears to be
reaching their highest rates at day 15 (Fig. 2b). CR foa€9 a non-linear relationship no trend was found, which is most
appeared to respond positively at day 9, but further incubaiikely due to the limited degrees of freedom and large vari-
tion resulted in a low CR at day 15. CR for the 10Gtreat-  ance.
ment decreased throughout the time course (Fig. 2b). Patterns Since chlorophyllz concentrations declined across tem-
for NCP show similar patterns across treatments throughouperature treatments (Fig. 1), the responses in community
the time course of the experiment, however, emerging differ-metabolism may reflect changes in community biomass
ences strengthened as time increased, resulting in the highessdther than physiological responses forced by temperature
NCP for the 3, 4.5 and 109 treatments (Fig. 2¢) at day treatments. Hence, we examined the response of metabolic
15. These treatments also resulted in autotrophic communirates standardized to chlorophydl concentrations mea-
ties (i.e., where NCB 0; Fig. 2c) by day 15. sured in each microcosm on the same sampling day in
When measured initially, the replicates of the Barentsan attempt to extract any physiological signal from the
Sea plankton community samples were different, with community responses. Indeed, CR rates standardized per
one replicate acting strongly heterotrophic (i.e., NE®, unit chlorophyll a increased significantly with increasing
NCP4+ SE =—9.31+0.10) and the other acting autotrophic temperature R> = 0.64, p = 0.03). However, inspection
(i.e., NCP> 0; NCP+ SE =4.41+ 0.18). When the first ex- of the relationship between CR per unit chlorophyll
perimental measurements were taken on day 3 there waand experimental temperature suggested that the relation-
no noticeable difference between the replicates, probablship was best modeled as a logistic relationship (Fig. 4).
due to thermal acclimation, so further analysis was carriedndeed, the changes in CR per unit chlorophyllwith
out averaging the replicates together. Community respiratiotemperature was well described by a non-linear regression
(CR) showed a variable response to experimental temperacharacterized by low CR per unit chlorophyl at low
ture increase with mean CR ratesSE). Rates remained temperatures  (3.750.90umolQugChl a~lday?)
low for the lower temperatures tested while reaching theirand an abrupt increase, to double the rates
highest CR rate at an intermediate temperature ofG.8 (7.71+0.74pmolQug Chl a~1day 1), beyond a mean
and declining somewhat with additional warming (Fig. 3a; (=SE) experimental threshold temperature of 53:0802°C
Table 2). Net community metabolism was balanced acros§R? = 0.84, p = 0.19; Fig. 4).
the experiment (i.e.H,: NCP =0, t-test,p = 0.41) at low Specific GPP rates, standardized per unit biomass
temperatures, but the community became net heterotrophialso showed a lot of variation. Meant8E) specific

<
~
T
1

Chlorophyll a (ug Chl a L'])
<)
8]
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Table 1.Initial (:0) and temperature-treatment averaged nutrient concentrations (phosphate, silicate, and nitrate + nitrite) bacterial abundance,
and bacterial production averaged across all days sampled (every 2—3 days) for each experiment for both the open-sea and fjord communities
* signifies number with out SE due to lack of viable replicates.

Temperature Phosphate NONO, Silicate Bacterial Bacterial

Abundance Production
(°C) pM uM uM  1PcellsL™!  pmolCcL1day1

Open-sea
t0 0.122+0.015 0.152 0.197+0.009 0.375:0.059 0.039t 0.002
1.72+0.26 0.108:0.005 0.326:0.099 0.18H0.008 0.969t0.054 0.248t+0.009
2.60+0.5 0.103:0.004 0.172-0.056 0.184-0.021 0.87Gt0.057 0.2710.005
4.15+0.06 0.114£0.004 0.1470.042 0.1940.010 0.829:-0.043 0.26Gt 0.005
5.76£0.10 0.118:0.019 0.268:0.733 0.17G:t0.013 1.22G:0.093 0.406: 0.010
7.77£0.15 0.109:0.008 0.109:-0.034 0.188:0.010 1.230Gt0.086 0.515+ 0.007
8.53+0.05 0.116:0.008 0.155:0.059 0.176:0.018 1.07Gt0.067 0.460t 0.022
10.42+0.23 0.12H0.009 0.098:0.029 0.176:0.010 1.20Gt0.075 0.524+0.015
Fjord
t0 0.122+0.004 0.065£0.026 0.4110.012 0.8G£0.252 0.364t 0.051
1.11+0.01 0.07G:0.012 0.245:-0.095 0.403:0.018  1.14+0.108 0.172:0.009
2.86+0.06 0.066£0.013 0.0810.046 0.3810.012 1.13t 0.086 0.184+ 0.005
4.03+£0.05 0.073:0.013 0.074:-0.051 0.392:0.011 1.38£0.151 0.186 0.005
5.48+0.03 0.06G:0.012 0.075:0.030 0.375:0.014  1.4Gt0.147 0.244+ 0.009
8.33£0.11 0.076£0.010 0.036£0.014 0.373t0.021 1.56£0.176 0.22% 0.005
9.92+0.05 0.07G£0.012 0.060Q£0.017 0.412:0.014 1.14£0.090 0.24'A&0.005
GPP rates per unit chlorophyla ranged between with a threshold NCP calculated by solving the equation to

4.14+0.86umolQugChl g lday! at 2.6°C and obtain the temperature for NCP =0, of 5@, similar to that
1.37+0.69 pmolQug Chl a—tday ! at 7.8°C, without  obtained experimentally here.

any clear relationship with the experimental temperature

(Table 2). Thus, the specific NCP per unit chlorophyll 35 Atlantic-influenced fjord water community

was also driven by changes in CR, and therefore, also

showed a non-linear relationship with experimental temper-

. . . The Atlantic community showed no significant trend in
ature (Fig. 5) with a meanH{SE) experimental threshold ; . :
temperature at 4.781.26°C (R?=0.78, p=0.032; chlorophylla concentrations along the experimental temper

Fig. 5) with a mean £SE) specific NCP rate at colder i\t;re rgr;}glgel_(fllg.dB), vlwth t:e hl%heSt mean bloma;sesaof about
temperature of —0.7241.31 pmol QG ug Chl a~1day? - Hghla eveloped at the temperature o at
indicative of balan'ced m.etabol'sm and a stronal ’het_whlch the sampled community was growing (Table 3). Nu-
Ieroltro “rllic community with a mlearQ:SE) specific ?\chp trient concentrations for each temperature treatment were av-
of 5p52j: 105 monQ Chl a-Lday-1 deF\)/eIo g at eraged across the experiment and are presented in Table 1.
o OO H K9 _a. y ping In the experiment with fjord water, silicate and phosphate
warmer temperatures (Table 2; Fig. 5). : o
L . concentrations are similar across all temperature treatments
For further validation of experimental results we tested, . L . .
Arctic plankton net community production (averaged fCl and nitrate + nitrite concentrations are low but similar across
relep . . unity product (av ag treatments with the exception of the G treatment. Bacte-
bins) from eight cruises conducted in the region (Vaquer-

Sunyer et al., 2012). NCP rates from field measurement rial abundance appears to be higher at higher temperatures,

Whil rial production rs have a strongly positiv
also showed a strong negative relationship with temperature e bacterial production appears have a strongly positive

: ; . . lationship with .
(Fig. 7), as described by the fitted model Il regression equa-e atlons_ Ip wit tem_p_erature -
tion: Atlantic communities were originally close to be-

ing balanced (NCB-SE=-0.73+£0.35) while spe-
cific community metabolic rates were heterotrophic
(NCP+ SE=-3.49+1.65). Community respiration (CR)
for the Atlantic influenced community showed high variation
and no clear relationship with experimental temperature,
similar to gross primary production (Table 3). As a con-
sequence, net community production was independent of

NCP (umol % L~ day 1) = 11.87(+1.49)
—2.19(+0.37) Temperaturg°C),

R?>=0.79, F =268, p<0.0001
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Fig. 2. Representation of the time course of mean bionf@ssean

CR rate(b) and mean NCP ratg) of Barents Sea plankton commu-
nity throughout 15 days of experimental treatment. Colors represent
different temperature treatments as indicated.

NCP (umol O, L day™)
(8]
—

experimental temperature, with some temperature treat-
ments (i.e., 3 and 8%) resulting in strong heterotrophic 4+ { 1
community metabolism (Table 3).

Since chlorophylla concentrations were independent of
the experimental temperature, the chlorophypecific rates 0 = P - P 10 2
showed the same patterns as those of the volumetric rates,
with no significant relationship to the experimental tempera-

Temperature (°C)

ture (Table 3). Fig. 3. Barents Sea plankton community measSE) volumetric
community metabolic rates: CR), GPP(b), and NCRc) averaged
3.3 Analysis of other driving factors over the days when samples for determination of metabolic rates

were taken, versus the mean temperat(f@) (recorded for each
For both experiments, nutrient dynamics were assessed as tl@perimental treatment.

possible alternative driving factor of metabolic rates. There

was, however, no direct relationship between metabolic rates

(NCP, CR, GPP) and nutrient concentrations (see the Supacross temperatures these relationships were not signifi-
plement for details, Figs. S5 and S7). Furthermore, in thecant (p = 0.40; Fig. S2). Nitrate + nitrite concentrations also
open-ocean community nutrient concentrations did not showshow high variability over time, but there is no evident trend
any significant relationship with temperature. Nitrate + nitrite (Fig. S1). Phosphate and silicate concentrations also show
concentrations may have a slight negative relationship withno tendency over the experimental days (Fig. S1). For the
temperature, however due to their variability over time andfjord community, concentrations of nitrate + nitrite do have
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Fig. 4. The relationship between the mean Ghkpecific com-  Fig. 5. The relationship between the mean net community pro-
munity respiration (CR) rate of the Barents Sea community alongduction (NCP) rate of the Barents Sea plankton community
the experiment and the average temperature treatments. The solilong the experiment and average temperature treatments. The
line shows the fitted non-linear sigmoid model function, which solid line shows the fitted non-linear sigmoid model function,
defines a threshold temperatur&SE) of 5.06+3.02°C (rep- which defines the threshold temperatuteSE) of 4.78+ 1.26°C
resented by the vertical dashed line) above which average sperepresented by the vertical dashed line) above which aver-
cific CR rates 4£SE) approximately double from a mean rate of age specific NCP ratestGE) decrease from a mean rate of
3.7540.90 umol G pg Chla—1day~! at lower temperatures to a —0.724 1.31 umol @ ug Chla 1 day ! at lower temperature to a
mean rate of 7.72 0.74 umol @ ug Chla—1 day ! atwarmertem-  mean rate of-5.52+ 1.05 umol @ pg Chla—1 day~! at warmer

peratures. temperatures.
2.5 . . .
Ea |

a significant p = 0.006, R? = 0.69) relationship with tem- ;
perature, however this relationship is based on only a few S 5| |
viable replicates over the entire experimental perioek(9). % ]
Silicate and phosphate concentrations decreased significantly = 1 | } { i
over time (silicate:;p < 0.005; R? = 0.62; phosphatep < e
0.005; R? = 0.58; Fig. S3), but did so independently of tem- E‘a 05 .
perature p = 0.85, 0.19 respectively; Fig. S4). o

We also investigated the possible relationship between 05 Z 2 5 5 1 1z
bacterial abundance and production on the metabolic rates of Temperature (°C)

NCP, CR, and GPP (Fig. S6). We find that in the open-ocean

: -1
Commun, NCP gt oo soth s anfS 59 o coveruaion Go it
production p = 0.03, R2 = 0.13; p = 0.001, R2 = 0.24 re- J y > averag y

. ! o . when samples for determination of metabolic rates were taken, ver-
spectively) and CZR is positively related to bacterial produc- g, the mean temperatufe) recorded for each experimental treat-
tion (p = 0.005, R- = 0.22), but we find no relationship of nent.

CR to bacterial abundance & 0.09). In the fjord commu-
nity, both NCP and CR are independent of bacterial abun-
dance or production (NCR: = 0.16, 0.83 respectively; CR: ature and again found no relationship for either NCP or CR
p = 0.15, 0.68; Fig. S8). (p =0.50, 0.71 respectively; Fig. S10).
Finally, as there was some relationship of metabolic rates
to bacterial abundance and production in the open-oceaﬂ Discussion
community, we also analyzed the NCP and CR values

stano_lardized _by bacterial abundance for bOth experime_ntsrhe experimental results presented here show that the
we ﬂnd.that in the open-ocean community, St":md.ard'Z'ngmetabolism of the open-ocean Arctic community collected
meta_lbollc rates per umF blorr_1ass_ of bacteria eradicate aNY, the Barents Sea was highly sensitive to warming, whereas
previous metabolic relationship with Femperatupe:( 0.12, that of the community already growing in the Atlantic-
0.47; Fig. 89.) seen from volumetrlc rates. Althoqgh theinfluenced, warm-water Arctic fjord, showed no clear rela-
fiord community showed no relationship of metabolic ratesaﬂonship with experimental temperature across the 1 €CLO

to bacterial abundance and production, we tested bacteri xperimental range.

abundance and standardized metabolic rates against temper-
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Table 2. Experiment with Arctic open-ocean community. Temperatdt8E), chlorophylla (£SE), volumetric and specific NCP, CR and
GPP rates£SE), as well as GPP/CR ratio are presented for the initial measurem@ntss(well as values averaged across 15 days of

experimental treatmerit.signifies number without SE due to lack of viable replicates.

Temperature  Chi NCP CR GPP GPP/CR
(°C)

\olumetric Specific Volumetric Specific \olumetric Specific

pmol G, L= pmol O, g pumol O, L~ umol Oy pg pmol & L~1  pmol O, ug

pgL—1 day1 Chla—lday! | day?! Chla—lday! | day?! Chla—lday!

t0 1.00+0.16 | —2.45+6.86 —3.64+7.43 7.18+6.98 8.50+8.33 4.73+0.11 4.87-0.90 11.58+11.24
1.72+0.26  0.72:0.06 | —0.94+1.40 —-0.98+1.95 1.9040.31 2.74£0.57 0.70¢ 2.06¢ 0.52¢
2.60+£0.5 0.63+0.08 0.20£1.43 —-0.59+2.35 2.65+0.31 5.02£1.39 2.78+£0.99 4.14+0.86 1.31+0.64
4.15+0.06 0.70£0.06 | —0.28+0.95 —1.34+1.70 2.08+0.62 3.54+1.29 1.69+0.05 217011 1.20+0.39
5.76+0.10 0.76£0.08 | —3.86+0.93 —5.53+1.37 5.37+£1.15 7.68+1.45 2.13+0.69 3.0 0.92 0.40+0.16
7.77+£0.15 0.55£0.04 | —3.87+£0.69 —7.22+1.85 4.01+0.66 7.16+1.52 0.81+0.36 1.3A40.69 0.19+0.08
8.53+0.05 0.48:0.05| —2.81+0.97 -6.07+1.83 4.144+1.32 8.88+2.16 1.75+0.47 3.52:0.65 0.41+0.10
10.42+0.23 0.46:0.06 | —1.74+0.86 —2.99+2.06 3.14+0.91 7.00+0.89 0.98+0.38 4.0142.78 0.61+0.39

Table 3. Experiment with Atlantic-influenced fjord communities. Temperatut&IE), chlorophylla (+SE), volumetric and specific NCP,
CR and GPP ratesSE), as well as GPP/CR ratio are presented for the initial measurements (t0) as well as values averaged across the
10 days of experimental treatmefitsignifies number with out SE due to lack of viable replicates.

Temperature Chi NCP CR GPP GPP/CR
Q)

\Volumetric Specific Volumetric Specific Volumetric Specific

pmol G, L1 pmol O ug pmol G, L~ umol Oy ug pmol O L~1  pmol O, pg

pg L1 day! Chla—lday! | day?! Chla—lday? | day? Chla—1lday?!

10 0.21+0.002 | —0.73£0.35 —3.49+1.65 179 8.61* 1.41* 6.78 0.79
1.11+0.01 1.0A40.34 | 2.78+4.19 6.2749.26 1.59+0.61 1.45+0.25 3.93% 214 1.78
2.86+£0.06 1.19+0.38 | —1.56+1.89 —3.59+3.80 6.14+0.85 7.16+2.69 458+1.75 3.571.30 0.79+0.26
4.03+£0.05 1.28:0.39 | 2.07+4.11 5.94+6.95 5.27+0.34 454 1.98 3.29+1.30 3.58+2.51 0.60+0.22
5.48+£0.03 158045 | 0.37+1.73 1.22+£1.39 5.21+1.21 3.06+0.45 4.22+1.05 3.04£1.19 0.10+0.86
8.33+£0.11  1.54+0.47 | —5.24+551 -—1.78+2.59 9.02+6.69 4.314+-2.66 1.44+0.41 1.14+0.58 0.62+0.34
9.92+0.05 0.94:0.23 | 1.14+2.10 3.44+3.11 2.34+1.36 1.86+0.87 3.48+1.15 5.20+2.37 10.74+6.76

We report metabolic rates, standardized for chloroplyll as a normalization parameter, do not yield any patterns with
to be able to test our results against the metabolic theorytemperature similar to our findings. This may be due to the
as the MTE is based on physiological processes and referfact that a majority of bacterial cells in marine plankton com-
to metabolic rates per unit biomass of the same individ-munities are metabolically inactive (Gasol et al., 1995) or
ual (Brown et al., 2004). It may be argued that chloro- may also be due to the inherent covariation of both bacterial
phyll a is not the most relevant parameter to standardize forabundance and production with chlorophylioncentrations
biomass as community respiration has both components ofLi et al., 2004; Lopez-Urrieta and Man, 2007) that con-
autotrophic respiration and heterotrophic respiration. How-founds the relationship of community respiration with tem-
ever, we found no significant relationships between temperaperature (Lopez-Urrieta and Mam, 2007). We argue that
ture and metabolic rates standardized for bacterial abundanaghlorophyll ¢ is an appropriate parameter due to the fact
(Figs. S9 and S10). Chlorophyllnormalized rates of NCP  that community respiration is constrained by the flow of or-
and CR do however show a strong relationship with tem-ganic matter from autotrophs, which is strongly correlated
perature (Figs. 4 and 5). These observations are comparablgith chlorophylla, and the previous relationships found be-
to those in a recent global assessment, where rates of botfveen CR and chlorophydl (Robinson and Williams 2005).
GPP and CR standardized by chlorophyllyield patterns Consistent with predictions from the metabolic theory
with temperature (Regaudie-de-Gioux and Duarte, 2012)(Harris et al., 2006; Lopez-Urrutia et al., 2006) and short-
Regaudie-de-Gioux and Duarte (2012) show that chloro-term experiments (Vaquer-Sunyer et al., 2010), experimen-
phyll a is an appropriate normalization parameter for both tally increased water temperature in the Barents Sea plankton
GPP and CR, whereas other properties that could be in prineommunity resulted in a shift from a balanced metabolism
ciple related to CR, such as bacterial abundance, when usg@dNCP =0, GPP =CR) at lower temperatures to a strongly
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25 B — etal., 2004). The experiment conducted with the Barents Sea

community yields ank; of approximately 0.85eV, higher

0F ] than the value of 0.65eV predicted from theoryoflez-

Urrutia et al., 2006), but not different from; derived from

short-term experiments of 1.850.3 eV (Vaquer-Suyner et

o L { | al., 2010). Thek; of 0.85eV derived here, confirms that res-

, piration rates of Arctic plankton communities hakze val-

51 . ues above the rate of 0.41-0.74 eV suggested for organisms

$ living at intermediate temperature regimes (Gillooly et al.,

0 T 2001; Brown et al., 2004). This finding confirms the con-

clusion that the respiration of planktonic communities of or-

ganisms growing at the lower range of ocean temperatures

10l i show a steep response to increased temperature (Pomeroy

and Wiebe, 2001; Vaquer-Suyner et al., 2010). In contrast,

-15 — this could also be the reason that no significant relationships
2 0 : N 0 § were found in the experiment with the Atlantic-influenced

Temperature bins (°C) fiord water communities, which are exposed to much more

variable temperatures throughout the spring melt season.
Fig. 7. The relationship of the mean NCP (umottday 1) +SE remp 9 SPring
. . Most importantly, the results obtained here allowed the
average across different temperature bins, taken from a data set lated hreshold b d which Arcti
from Vaquer-Suyner et al. (2012). Black line represents the modepostg_ate temperature t res_ 0 eyon W ich Arctic com-
Il regression between mean NCP and temperatRfe<£ 0.79, p < munities become heterotrophic to be experimentally resolved

0.0001) and gray dashed line drawmyat 0 intersects the regres- at about _5°C (4.78+ _1-26°C)- The relationship between net
sion at approximately 52C, defining the point at which NCP rates  Community metabolism and temperature was best described

switch from positive to negative values. with a non- linear relationship where communities shift from
metabolic balance to net heterotrophic beyond a temperature
threshold of 5C, above which the specific community res-
heterotrophic community (NCR 0, GPP< CR), acting as  piration doubles and NCP is reduced 5-fold. These results
a CO source. This response was, however, steeper thaprovide, therefore, support for the proposition that Arctic
expected. Whereas for the expectations derived from thelankton community metabolism shows tipping point behav-
consideration of the temperature-dependence of metabolior (Duarte et al., 2012), and quantifies the experimental tip-
processes (Harris et al., 2006; Lopez-Urrutia et al., 2006;ping point for the community to flip from acting as a €O
Vaquer-Sunyer et al., 2010), the actual responses involvegink to a CQ source at a temperature threshold 65
also changes at the community level, particularly a decline We did not detect an effect of temperature on the
in chlorophyll a concentration. Moreover, the decline in metabolism of Isfiorden communities along the duration or
chlorophylla concentration with increasing temperature ex- range of temperatures tested. One consideration is that Is-
plains that, unlike the predictions by metabolic theory, grossfiorden communities were not gradually adjusted to their ex-
primary production did not show significant increase with perimental temperatures as the open-sea communities were.
warming for the Barents Sea community, despite a tendencyVe felt that temperature acclimation for the fjord com-
for increased chlorophyli-specific GPP at higher temper- munities was unnecessary due to the high fluctuation of
atures (Table 2). Hence, the increase in CR and decline inemperatures felt in Svalbard fjords during the months of
NCP for the Barents Sea community with increasing warm-June and July. Using a time series of sea surface tempera-
ing, compounded physiologic-level with community-level ture (SST) from NOAAs Climate Prediction Centérttp://
responses to yield a much steeper decline in net communomad?2.ncep.noaa.gov/ncdptaj, we extracted weekly av-
nity metabolism of the community, which becomes strongly erage SST values for the last two decades for the sampling
heterotrophic. Previous examinations of the temperaturestation in Isfjorden using a°lsquare grid cell. Over two
dependence of community metabolism, available only fordecades the range of temperature experienced by the fjord
respiration rates, used short-term, 24 h to 48 h experimentsommunity in June and July ranged from 1.9-°C2 while
(Vaquer-Sunyer et al., 2010), and did not allow, therefore,the average range of temperature experienced in any one year
for responses in community structure to be realized. during June and July is 3.0-8.6, thus suggesting that these
Using the van't Hoff-Arrhenius relation, we can then esti- communities are already well adapted to steep temperature
mate the activation energy() required for the reaction of fluctuations. Moreover, whereas the Barents Sea community
respiration across experimental temperature treatments usvas growing in situ at one extreme of the experimental tem-
ing the equationB ~ ¢~£/*T and the Boltzman constant, perature range used here, the fiord community was growing
k (8.617343x 10-°eV K1), whereB is the metabolic rate near the midpoint of this range, hence the maximum depar-
andT the temperature in Kelvin (Gillooly et al., 2001; Brown ture, in°C from the in situ temperature was about 1/2 in the

NCP (umol O_ L™ day™)
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fjord community compared to that in the Barents Sea. Isfjor-lar communities may be more vulnerable to warming than
den communities were growing in Arctic ecosystems invadedtemperate communities (Pomeroy and Wiebe, 2001). How-
by warm Atlantic waters, however decreasing water temper-ever the metabolic balance of the communities may be more
ature did not cause the metabolic rates of the Isfiorden comvulnerable to warming than that of Southern Ocean commu-
munity tested here to become autotrophic within the limita- nities, as Arctic communities are characterized by a large
tions of the duration of the experiment conducted. This maythreshold for GPP (3.84 pmobQ ~1 day1; Vaquer-Suyner
suggest the presence of hysteresis creating a resistance fet al., 2012), much higher than that of Southern Ocean
communities already growing in warm waters to revert from communities (2.05pmol£L~1day 1; Agusf and Duarte,
a net heterotrophic community to an autotrophic one as wa2005), which is suggested to be due in part to access to large
ters become colder (Duarte et al., 2012). pools of dissolved organic carbon that lead to high bacte-
Nutrient dynamics are often closely coupled to many rial respiration rates (Duarte and Regaudie-de-Gioux, 2009;
metabolic and community processes (McAndrew et al.,Regaudie-de-Gioux and Duarte, 2010). Arctic glaciers are
2007; Karl, 2007), especially in the European Arctic Oceanmelting at an increasing pace and are expected to be a large
(Sakshaug et al., 2009) which has a very acute spring bloormsource of ancient labile organic matter to the Arctic Ocean
The experiments reported here were conducted, howeve(Hood et al., 2009) thus increasing the pool of organic car-
with post-bloom communities, as the bloom occurs over abon available for bacterial metabolism in the future. Recent
month before the time of the experiment (Vaquer-Sunyer etexperimental work also suggests that the increased substrate
al., 2012). This is also supported by the relatively low ni- availability amplifies the effect of temperature on polar bac-
trate and phosphate concentrations in the waters sampletgrial metabolism (Kritzberg et al., 2010).
(Sakshaug et al., 2009). In the open-ocean community we There is also a large amount of research dedicated to fore-
did not find any significant relationship between nutrient cast the effects of changing light environments and increased
concentration and experimental temperature or over timestratification on carbon fluxes in a future warmer Arctic. Ar-
In the fjord experiment, nitrate + nitrite concentrations de- rigo et al. in 2008 measured, using satellite chlorophyll
clined significantly with temperature, and silicate and phos-concentrations, an increase in primary production 30 % at-
phate concentrations declined over time. However, metaboli¢ributable to loss of sea ice extent. However, research car-
rates in the fijord experiment were independent of temperaried out by Hessen et al. (2008) suggests that increasing the
ture, and metabolic rates showed no relationship with nutri-light environment is likely to enhance primary production but
ents. Hence, nutrient dynamics did not appear to affect thanay lead to nutrient limitation, which will put a cap on the
metabolic responses to temperature manipulation reportednhancement of primary production with warming, as also
here for either experiment. acknowledged by Arrigo et al. (2008). Nutrient cycling is
Whereas variable nutrient concentrations in the opendikely to be affected by future increased vertical stratifica-
ocean community did not have any affect on metabolic ratestion of the Arctic, with freshening especially in the seasonal
a possible factor confounding the relationship of metabolicice zone where spring blooms are strongest (Wassmann et al.,
rates with temperature is the relationship of bacterial abun2008). This is expected to suppress new production by reduc-
dance and production to NCP and CR rates in the opening mixing-derived nutrient supply (Wassmann et al., 2008).
ocean community. NCP decreased with higher bacteriaFurthermore, it is suggested that nutrient limitation may play
abundance and bacterial production, and CR increased with much larger role in governing primary productivity in these
higher bacterial production. This is to be expected providedregions than light availability (Tremblay and Gagnon, 2009).
the temperature dependence of bacterial metabolism in the Whereas the role of the indirect effects of increased light
Arctic Ocean (Kritzberg et al., 2010). availability and reduced nutrient limitation with reduced ice
The results here, derive from microcosm experiments anctover have been considered extensively, the direct effects of
suffer, therefore, from the limitations inherent to these ex-warming on plankton metabolism had not yet been assessed.
perimental setups (cf. Duarte et al., 1997). However, the reWhile the experimental tipping point of*& for communi-
sults do not stand alone in concluding that polar planktonties to shift from autotrophic to heterotrophic derived here
communities show a steep response to warming, as theseill be affected by synergies with these indirect effects, in-
results are supported by theoretical expectations (Harris etluding increased irradiance, reduced nutrient supply and in-
al., 2006; lopez-Urrutia et al., 2006; Duarte et al., 2012) creased DOC loads from runoff, addressing these complex
and short-term warming experiments in polar communitiessynergies is beyond the capacity of experimental approaches
(Pomeroy and Wiebe, 2001; Vaquer-Suyner et al., 2010)and will require modeling exercises. These will require the
This as well as previous short-term experiments (Vaquerinput of functional responses between plankton communi-
Suyner et al., 2010) indicate that warming leads to a steepies and the various drivers involved. The experimental re-
increase in respiration rates of polar plankton communities]ationship between temperature and Arctic plankton com-
thus increasing the threshold GPP or the primary producmunity metabolic rates supplied here will be fundamental
tion needed to balance out respiration at higher temperatureis allowing this important driving factor to be adequately
(i.e., GPP/R>1). It has already been hypothesized that po-
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