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Abstract. We assessed the relationship between zooplanki Introduction

ton metabolism (respiration and inorganic N and P excre-

tion) and “in situ” temperature through a grid of stations

representing a range of natural temperature variation durfiuman-induced climatic changes are driving major ecosys-
ing the ATOS-Arctic cruise (July 2007). The objective was tem changes at the global scale, but especially in high-
to explore not only the direct effects of temperature on zoo-latitude ecosystems. The rising temperatures (ACIA, 2004)
plankton carbon respiratory losses (hereaftgy &nd NH- are accelerating the rate of loss of Arctic summer sea ice
N and PQ-P excretion rates (hereaftezNind R, respec- (Comiso et al., 2008), with unpredictable though important
tively), but also to investigate whether these metabolic path-consequences for such vulnerable ecosystems (Carmack et
ways responded similarly to temperature, and so how temal., 2006; Wassmann, 2011). In spite of the uncertainty about
perature could affect the stoichiometry of the metabolic prod-What changes will occur in marine Arctic ecosystems in re-
ucts. Metabolic rates, normalised to per unit of zooplanktonlation to temperature increases, it is very likely that these
carbon biomass, increased with increasing temperature folchanges will be especially intense (Smetacek and Nicol,
lowing the Arrhenius equation. However, the activation en- 2005) and not necessarily smooth and reversible. What must
ergy differed for the various metabolic processes considered?€ €xpected are non-linear, abrupt responses, regime shifts
Respiration, @, was the metabolic activity least affected by and complex trajectories in the evolution of the different tip-
temperature, followed by Nand R, and as a consequence Ping elements as defined in Duarte et al. (2012).

the values of the &: Ng, Cr:Pe and N : Pg atomic quo- Neither the main thresholds setting the limit or tipping
tients were inversely related to temperature. The effects oP0int for regime shifts, nor the nature of the future changes,
temperature on the stoichiometry of the excreted N and Fare well known. However, there are insights about how
products would contribute to modifying the nutrient pool the different sensitivity to rising temperatures of some bi-
available for phytoplankton and induce qualitative and quan-0logical processes could lead to Arctic trophic shifts. In
titative shifts in the size, community structure and chemicalthe case of the carbon balance in marine systems (i.e.

composition of primary producers that could possibly trans-Photosynthesis—respiration, Regaudie-de-Gioux and Duarte,
late to the whole Arctic marine food web. 2012), the higher sensitivity of respiration could lead to a net

heterotrophic regime above a certain temperature threshold
(Vaquer-Sunyer et al., 2010).

Amongst the Arctic tipping elements, zooplankton play a
fundamental role in food webs, linking primary producers
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and microheterotrophs with large consumers (Hjort, 1914;
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Tande and Bmstedt, 1985; Loeng and Drinkwater, 2007), % 3,3
modulating by grazing and respiration the final destination % F}
o
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of biogenic carbon (Hirche et al., 1991; Olli et al., 2007), 3’336
and contributing via excretion to regenerate the nutrient pool 26O 2003301§
available for phytoplankton (Sterner, 1990; Alcaraz et al., & 2757 ikl
2010). " éj & %\
Respiration and N and P excretion rates in copepods, as ' 90 Q\ ]
any temperature-dependent biological activity in ectotherms, 06
respond between certain temperature limits according to the
Boltzmann—Arrhenius model (Loosanoff, 1958; Kordas et
al., 2011). However, given the complex nature of the mech-
anisms involved, the various metabolic pathways could re-
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quire different activation energies, therefore showing differ- Ly" 4 °
ent quantitative responses to similar temperature conditions.
Here, we estimate the response to temperature of C- : 30
-2

specific respiration (g) and ammonia and phosphate excre-

tion (N and R:) of Arctic zooplankton, and explore the pos-

sible differences in the Arrhenius activation energy for the 7o
different metabolic activities. The null hypothesis is that the
metabolic stoichiometry should not be related to tempera-
ture. If rejected, the consequences of different sensitivity to
temperature by these metabolic processes would be change s |
in the Gr: Ng : Pe stoichiometry of the metabolic products in

a scenario of rising temperatures. The progressive changes iEmmsemssmmz ou-mrnwms 5 200 400
the inorganic N and P proportion in the nutrient pool could
induce a shift in the structural and trophic properties (i.e. tax-
onomy and chemical composition, Sterner, 1990; Lasternas

and Agust, 2010) of phytoplankton communities that could _ ) _
affect the whole Arctic food web. aging the organisms. Samples were immediately transferred

into thermally insulated containers and transferred to the lab-
oratory. Occasionally occurring larger zooplankters (a few
larger amphipods, chaetognaths or coelenterates) were dis-
carded by gently screening the sample through a 20 mm plas-
The study is based in the data obtained in July 2007 during!C 9rid submerged in a 2L jar containing 0.2 um filtered sea-
the ATOS-Arctic cruise on board the RMMesgérides (Al- water at in s_|tu temperature. The samples were repeatedly
caraz et al., 2010), in a network of stations located in the Eastiluted with filtered seawater and screened through 200 um

Greenland Current, the Fram Strait and NW of the Svalbarone'[ting in order to remove microzooplankton._ )
islands (Fig. 1). Part of the data on zooplankton metabolism Water for incubation experiments was obtained witha 12 L

(about 70%), have been selected from those in Alcaraz eNiskin bottle from 20 to 40 m depth and filtered with 0.2 um

al. (2010), according to a given range of average individua|Acro-chl®_filters. Inc_ubgtion experime_nts for simultane-

tion (concentration of microplankton biomass and proportionin 250 mL Pyref® bottles closed by silicone stoppers hold-
of autotrophs) in each incubation experiment, as describedng the G probes and a syringe needle to compensate for

&%

-20° 0

Fig. 1. Map of the study area and position of the sampled stations.

2 Methods

below. pressure changes, as described in Alcaraz et al. (1998, 2010)
and sketched in Fig. 1 in Almeda et al. (2011). Experimental
2.1 Experimental conditions bottles contained aliquots of the washed zooplankton sam-

ples suspended in filtered seawater, while control bottles
Zooplankton metabolism (respiration and ammonia andcontained only filtered seawater. Once confirmed that there
phosphate excretion) was estimated by incubation experiwere no damaged organisms (i.e. all the organisms show-
ments of mixed zooplankton as described in Alcaraz (1988)ng normal swimming behaviour), experimental and control
and Alcaraz et al. (1998, 2010). Experimental organismsbottles were incubated for 12—24 h in thermostatic baths at
were obtained by vertical net tows from 75—-100 m depth to“in situ” temperaturet0.1°C and dim light. The incubation
surface, conducted with a double WP-2 net fitted with 200-of zooplankton in filtered seawater was intended in order to
um netting with a 6-L plastic bag as cod end to avoid dam-avoid any interference of the feeding conditions during the
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experiments (type and biomass of prey, Thor et al., 2002; Excretion rates were estimated in the same incubation ex-
Saba et al., 2009; Almeda et al., 2011) on the qualitative angberiments as respiration. Ammonia and phosphate excretion

quantitative characteristics of the metabolic products. rates were calculated as the difference in the respective con-
centrations in experimental and control chambers. At the

2.2 Variability sources for zooplankton metabolism end of the incubation, water samples were siphoned from
other than temperature the chambers using silicone tubes ending in broad plastic

tips enclosed with 100 um-mesh in order to avoid extract-

Quantitative and qualitative characteristics of metabolic rateqng zooplankton organisms with the water sample. Ammonia
are highly controlled, aside from temperature conditions, by, analysed by a fluorimetric method described kyuél

individual biomass, the metabolic substrate (determined by, 4 Aminot (1997), and phosphate according to Grasshoff et
the feeding conditions and trophic habit), and by differences,; (1999).

taxonomic characteristics. In order to avoid the bias induced At the end of the incubations, zooplankton were trans-

on the specific metabolic rates by differences in body masge e to vials and fixed in 4 % formalin (final concentration)

(Ikeda, 1985), only those experiments in which the aver-or 5, tomatic counting, biomass (biovolume, hereafter BV)

age individual zooplankton body mass (IM) fell in the 'aN9€ analysis and taxonomic identification as described in Alcaraz
comprised by average IM SD (13.31+11.6 umol Cind™) ¢ 5’ (2010) and Saiz et al. (2013). The method consisted in
were considered in the analysis. The possible co-variance bes'taining the samples with yellow eosin and scanning them
tween individual body mass (IM) and “in situ” temperature, i, cqlour, transparency mode, at 2400 dpi. The correspond-
which would have similarly biased the effect of temperatureing images were automatically analysed for number, BV and

on metabolic rates, was also analysed. The average IM in thgganism classification into taxonomic groups using the free
experiments was estimated as the quotient between the eXPel t vare Zoolmag@ (http://AWwWw.sciviews. org/zooimage/
imental zooplankton biomass and the number of organism ' ’ J

as described below SThe different zooplankton taxa were classified according to
. " . an established training set with the Random Forest algo-
The biomass of microplankton as carbon at the different 9 9

. . rithm. Zooplankton biomass as carbonzfg) was calcu-
stations was considered as a proxy of food for zooplanktor|ate d according to BV—go relationships for Arctic zoo-

(ZF). It was analysed in lugol-preserved water samples Setblankton: 1 mm BV = 0.080 mg Goo. More details can be

g?dt mmUtterm)f:I f:hanrgb;zr?. rM;rcroEilar}lrtonI;thgansrr]l;s fir”OT found in Alcaraz et al. (2003, 2010) and Saiz et al. (2013).
atoms 1o auto- a cterotrophic Tlagetiates and clialeSoiaholic rates were normalised to per unit of zooplankton

\év:r:ee(r:t?a L:jn.tr?g ig?b(s)'rzleds.tr:ndtﬁga;n 'r;.eor;esdo?l'\;gi’jceofgéagr arbon biomass (specific metabolic rates) by dividing daily
andVLessa:d (2000) Trllje Ire?at' ec%l:ltr'lb tion of phyto Ianuk_gross respiration and excretion rates (Lmel imol Ne and
ton to zooplankton .food was IZstimat(;duals the F<)qu)é)ti§nt beumOI Reday™") by the corresponding experimental biomass
. in pumol Goo. In each experiment, average individual biom
tween >5pum chlorophyll carbon and total microplankton KMol Gzoo. In €ach experiment, average individual biomass

: - (IM) was calculated by dividing the experimental biomass in
carbon (GnL/ZF). A detailed description of the method can ; .
be found in Calbet et al. (2011). The taxonomic compositionumOI C (Goo) by the corresponding number of organisms

) . . ; in the experiment.
of zooplankton in the experiments was estimated using auto- P

matic image analysis and identification software as describeg 4 Temperature—metabolism relationships
below.

) The response of specific metabolic rates to temperature was
2.3 Zooplankton metabolic rates described by the Arrhenius equation,

Zooplankton respiration was estimated as the decrease in disy _ Voe —Ea/ RT), 1)
solved oxygen concentration during the incubation. The anal-

yses were made with two OXY-4 Pre—S@msxygen sensors whereV is the metabolic rateyp is a constant in the same
(optodes, Alcaraz et al., 2010) that allowed semi-continuousunits asV; Ej is the mean activation energy coefficient, re-
(every 30s) measurements of ©oncentration using 848  lated to the sensitivity of the corresponding metabolic func-
probes (3-5 experimental and 1-3 control chambers, dependion to temperature; an# is the universal gas constant (equal
ing on the availability of sensors due to periodic calibration).to 1.986 cal K1 mol~! or 8.3145 JK 1 mol~1). The activa-
Respiration rates were estimated as the difference betweetion energyE, expressed in eV has been calculated as the
the slopes of the linear regression equations describing thelope of the regression equation that explains the relation be-
changes in @ concentration during the incubations in ex- tween the In of the metabolic rates and the reciprocalTof
perimental and control chambers. Oxygen consumption wasvherek is the Boltzmann constant (8.6173FeV K1) and
transformed into respiratory C losses using a respiratory quo? is the absolute temperature.

tient (R Q, the molar ratio of C@produced to @ consumed)

of 0.97 (Omori and Ikeda, 1984).

www.biogeosciences.net/10/689/2013/ Biogeosciences, 10,@&802013
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010 (the expected increase factor of metabolic rates corre- 25 . . . . .
sponding to 10C temperature increase) has been calculated o
as 20 . i
Q10= ! 10F/RD), 2 2
G 15 H L
in which E, is the activation energy in Jmol, R is the ° ° "
gas constant an@ the average absolute temperature range € 10 | . S _ _e----- i
for which Q19 is measured (Raven and Geider, 1988). The S ] - T~ e °® (]
factor to transform the units df; from eV to Jmol isf = = 5 : o i
8.31410°3 (JK-1mol~1)/8.61710° (eV K1) = 964869. ) * . * T
The metabolic §: Ng, Cr: Pe and Nt : Pg quotients were 0
T

calculated as the ratios between the specific correspond- ' ' T '
1 2 3 4 5 6 7

ing metabolic rates in individual experiments and expressed .
temperature °C

in atoms. The daily average nutrient supply by zooplank-
.ton excretion durlng the cruise was estimated by ”.‘“'“p'y' Fig. 2. Relationships between temperature and average ex-
ing the N and_2% times the average Zooplgnkton F"O”_‘ass perimental IM. The corresponding regression equation was
(12.239 Goom 4, Alcaraz et al. 2010). Their contribution IM=7.4+0.51T, r2 = 0.021,n = 30.

to the nutrients required by phytoplankton was calculated ac-

cording to the primary production values during the cruise
(0.93gCn2day !, Lasternas and Agust2010), assum-
ing Redfield’s C: N : P phytoplankton ratios (Redfield et al.,

1963). _ _ Zooplankton metabolism increased exponentially with tem-
The relationships between temperature and the mGtabo“Eerature, the corresponding determination coefficients of the
quotients, as well as those with the mentioned sources ofqations relating temperature and specific metabolic rates
variability (IM, ZF, CcpL/ZF), were analysed using JNP being significant (Table 4 and Fig. 3), with exponents rising
7.0 software. from 0.2 (Gr) t0 0.26 (R).
The plots using the Arrhenius equation (Eq. 1) are shown
in Fig. 4. The highest slope of the linear regression equations,

3.2 Temperature and zooplankton metabolism

Resul X ; :

3 Results (equivalent to theE, expressed in eV, and related to sensi-
3.1 Co-variance between temperature and other tivity to temperature) corresponded te PEa = 1.905eV),
sources of metabolism variability followed by Ne (Eq= 1.685 eV) and § (Ea=1.292¢eV).

However, when comparing the correspondiiygvalues, the
The relationship between average temperature (0-100 rdifferences betweengcand Nz, or between M and R, were
depth integrated values) and the average individual zooplanknot statistically significant, and onlygCand R differed sta-
ton biomass (IM) is represented in Fig. 2. IM values rangedtistically (Table 5). Because of the gradient Ky values,
from 4.67 pmol Cind?® (St. 19) to 22.84 pumol Cindt (St.  the metabolic activity least affected by temperature was C
29), and were not significantly related to temperatafe{ ~ (Q10= 6.51), followed by N and R, with Q10 values of
0.0204,n = 30, Fig. 2). Temperature, zooplankton food (ZF, 11.5 and 15.73, respectively (Table 5).
pg CL-1) and proportion of autotrophs in ZF €& /ZF) at The atomic G:Pg, Cr:Ng and N::Peg metabolic ra-
the experimental stations are indicated in Table 1. Neithetios were inversely related to temperature. Fey: € and
of these two variables were significantly correlated to tem-Ng : Pe ratios, the correlation coefficients were higher than
perature (temperature—ZF = 0.008,n = 12; temperature— the criticalr value to validate the null hypothesi§p: r =0,
CcHL/ZF, r? = 0.002,n = 12), Table 2. P < 0.05 (Fig. 5 and Table 6), while for thegC Ng ratio

The most abundant taxonomic zooplankton group in thethe correlation was not statistically significant. On average,

experiments were copepods, which represented more thad temperature increase of @ involved a decline in &: Pe
93 % of the organisms, followed by chaetognaths with a mi-and N=: Pg ratio by 22 % and 11 %, respectively. The atomic
nor contribution, less than 4%, and amphipods, 1.9 %. AsCr: N : Pe metabolic ratios corresponding to the average
average, herbivorous copepods (Saiz et al., 2013), euphaugemperature conditions, and those corresponding to a pre-
ids and appendicularians accounted for more than 94 % of thdicted temperature rise of’€, are also indicated (Table 6).
experimental zooplankton, while carnivores like amphipods, The contribution of the nutrients excreted by zooplankton
chaetognaths and cnidarians contributed only to 5.5%. Irfo the N and P required for primary production are indicated
general, the proportion of the different groups was quite sim-in Table 7. The current nutrient supplied by zooplankton ex-
ilar in all the incubations (Table 3). cretion is about 30 % of the N and P required by phytoplank-

ton. However, this contribution would rise to 70 % and 78 %,

Biogeosciences, 10, 68697, 2013 www.biogeosciences.net/10/689/2013/
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Table 1. Average temperature (Temp, average 0—-100 m dé@tf, 0.05 ) ) ) ) ) )
concentration of potential zooplankton food (total microzooplank- $
ton carbon, ZF, ug Ct1) and proportion of-5 um chlorophyll car- 0.04 | CR o F
bon, GcHL, in microplankton (gL /ZF) at the experimental sta- L4 -
tions. ND: No data. From Calbet et al. (2011). 0.03 - Y °_- - -
. 002/ e $-¢% o |
Station Temp ZF  @nL/ZF - ° e © 8
>  001] &7 e _
3 1.00 61.18 0.07 g °
4 0.80 38.31 0.20 - 0 : : : : : :
5 4.00 33.83 0.14 8 0.015 1 1 1 1 I L
6 3,48  40.42 0.51 %)
9 3.92 877 0.44 = NE o
12 502 13.88 0.24 g 0.01 4 o |
18 418 82.38 0.13 3 e
20 167  43.02 0.24 = ° 0% ”
23 5.70 119.50 0.16 = 0.005 4 g _ - % o F
26 4.90 ND ND = - o
27 6.56  39.60 0.58 > @' °
33 476  34.70 0.85 - 0 — T
36 3.43 ND ND O  0.001 . . . . . .
39 424  17.70 0.23 S 0.0008 | Pe v L
£ v
Table 2. Relationships between temperaturé @and microplank- 0.0006 - v ': P Y-
ton biomass, here considered as zooplankton food, ZF, in u@lc L 0.0004 B34 v L
and the proportion of autotrophs in ZF, Auto-C/ZF. w VYUY
0.0002 4 W _--V v L
Regression equation 2 n 0 w
T T T | T T
ZF=38.6+1.54 0.008 12 o 1 2 3 4 5 67
Auto-C/ZF=3.2+0.08 0.002 12 temperature °C

Fig. 3. Relationships between temperature and respiratigg),(C

] ] ) ammonia excretion (i) and phosphate (B excretion rates.
respectively, of the N and P required for the predicted tem-

perature rise (Table 7).
the basic pattern of matter and energy flow in Arctic plankton
_ _ ecosystems. Both the changes in plankton metabolism (shift
4 Discussion from eutrophic to net heterotrophic ecosystem) and the cope-

od energy balance (respiration losses higher than ingestion)

The response of different biological processes to thermagppear to take place at relatively low temperature increases
variability has been frequently used to reveal the generatVaquer-Sunyer etal., 2010).

trends by which ecosystems could respond to changing tem-

perature conditions (Dell et al., 2011). By tracing the values4.1  Sources of bias in the response of metabolism to

of biological processes across a range of temperatures, itis  temperature

possible to characterize, by simple parameters like the acti-

vation energyr, or the Q19 value, the physiological patterns Temperature is by no means the only factor controlling zoo-

that will emerge as a consequence of expected temperatugankton metabolic rates. Both the quantitative response and

changes (Aldridge et al., 1995; Caron et al., 1986). quality of metabolic products are highly dependent on body
In the case of biological processes crucial for thesize (Ikeda, 1985), so any covariance between temperature

metabolic balance of plankton systems (i.e. photosyntheand individual biomass (IM) would bias the metabolic re-

sis and total ecosystem respiration), the highgifor total sponse to temperature. During our experiments average IM

plankton respiration predicts a tendency towards heterotrowas not related to temperature (Fig. 2), so no bias could be

phy as a consequence of temperature rise (Wassmann et abxpected. However, the variability of IM for a given temper-

2008; Vaquer-Sunyer et al., 2010; Regaudie-de-Gioux andture would translate in the variability observed in the re-

Duarte, 2011). Similarly, increasing temperature could leadsponse of metabolic rates to temperature.

to an imbalance between ingestion and respiration in Arctic The incubation of zooplankton in filtered seawater also

copepods (M. Alcaraz, unpublished data) that could affectprevented any bias in metabolism due to food abundance

www.biogeosciences.net/10/689/2013/ Biogeosciences, 10,@&802013
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Table 3. Average temperature (TempC) and taxonomic composition (%) of zooplankton in the incubation experiments at the different
stations. Amphi: Amphipods; Append: Appendicularians; Chaet: Chaetognaths; Cnid: Cnidarians. Euph: Euphausiaceans; Copep: Copepods
AVG: Average contribution of each taxon.

Station Temp Amphi Append Chaet Cnid Euph Copep

3 1.00 161 0.50 050 0.10 0.00 97.28
4 0.80 1.05 0.45 225 030 000 95.96
5 4.00 1.00 3.73 1.72 029 043 92.83
6
9

3.48 1.78 0.96 294 003 017 9412
3.92 1.56 0.78 234 000 000 9531

12 5.02  2.87 0.44 6.52 0.33 022 89.61
18 4.18 1.17 0.12 0.37 0.00 0.06 98.28
20 1.67 3.05 0.86 4.01 0.10 0.38 91.60
23 570 3.04 0.20 314 0.00 030 93.31
26 4.90 2.00 0.46 3.77 0.06 0.06 93.66
27 6.56 3.59 0.35 4.06 0.08 0.23 91.69
33 476  1.30 0.74 8.37 037 019 89.02
36 3.43 0.97 1.17 7.18 0.19 0.39 90.10
39 4.24 2.15 1.60 0.87 0.05 0.25 95.08
AVG 1.94 0.88 343 014 019 9342
Temperature ° C 1000 ' L ' L L C' n
59 46 33 20 07 TI8 NP,
_2 1 1 1 1 1 mmpgue CR/PE
4
3
-3 . L A N
- @ 1a0d  BTteeeol
o e O H i © A a4 R A R
— _5_ "=l - 6 o ¢ *
g O-ge__._\.ﬁ L] % SAL T TP g'----.",__g_g B
2 < CTUteed e b B o] F e BT TR
o h b o r
g 08 NE & ;u ° ;
E 7] 4 , - L 's -------- P
= TSeel_aa . N oo P
-84 ::Z SEeal_ M - s
A ["-.___ M °
_9_ Se.. PE | 1 T T T T ? T
“ 0 1 2 3 4 5 6 7
-10 : : : : : temperature °C

41.4 41.6 41.8 42 _142'2 42.4 42.6 Fig. 5. Linear relationship between temperature ang:Qg,
1/kT (k) Ng:Pg and Gg:Pg ratios in atoms. Ordinates are in log scale.

Metabolic rates as in Fig. 3.
Fig. 4. Arrhenius plots for specific respiration g& and excretion

rates (N and R:). Abscissae: 1000 (1/K; down) and temperature

(°C; up). Ordinates: In specific metabolic rates in umok (Gl

and R) pmol Ggpday . 24 h, Ikeda, 1977). Similarly, the lack of relation between “in
situ” temperature and food concentration and composition
(Table 2) precluded any bias in the response of zooplankton

and composition. Although in these conditions the increasemetabolism to temperature.

of metabolic rates associated with feeding (the Specific Dy- Differences in the taxonomic composition and trophic

namic Action, SDA, Grisolia and Kennedy 1966) was ex- habit of zooplankton when mixed samples are incubated

cluded, the relative proportion of the metabolic productsare additional sources of variability in the metabolic rates

would not have changed in the short incubation time (12—(Mayzaud and Conover, 1988). In our case, there was an

Biogeosciences, 10, 68697, 2013 www.biogeosciences.net/10/689/2013/
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Table 4. Exponential equations relating temperatur@@(¢) with
C respiration (&) and NHy-N (Ng) and Pd-P () excretion

Table 6. Parameters of the linear regression equations relating tem-
perature in°C and the metabolic quotients (atom®).Significant

rates. correlations p > 95%). Avg: Quotients for the average “in situ”
temperature. 86C: Quotients for a temperature increase 66
Metabolic activity Equation r2 N
C Respiration @ = 0.0093x ¢(0-20x1) 052 42 a b ¢ Ag  6°C
N Excretion Nt = 0.0017x ¢(0-26x1) 0.59 40 Cr/Ng 545 —-0.252 —0.25 458 3.25
P Excretion R=98x10"2x 029 067 44 Cr/Pg 1497 -18.68 —051* 857 37.62
Nge/Pg 23.8 -1.87 -0.31* 17.0 1258

Table 5. Activation energy (eV)Q1¢ for the temperature range ex-
plored, determination coefficient and number of data correspond-Table 7. Comparison between the N and P daily required by
ing to the metabolic processes represented in the plots of Fig. 3phytoplankton for primary production, and zooplankton supply
and previous data from other authors: (1): This work (in parenthe-(g m~2 day~1) and contribution to phytoplankton requirements (%)
ses theF, limits for the 95 % significance). (2): Average values for at average temperature (2) and for predicted 6C increase.

mixed Arctic and Antarctic zooplankton (euphausiids, amphipods,
polychaetes and copepods, Hirche, 1984, Table 2). (3): Average val- N P
ues for several Arctic copepods (Hirche, 1987). (4): Surface Arctic

plankton (all experiments, Vaquer-Sunyer et al., 2010). (5): Surface ;ggtc;):fr(l‘:i';??aect? (? olfg? (? 80273
Arcti_c plankton (Spring, Vaq_uer-Sunyer et al., 2010). @Gxlanus Zoo. excretion (6(?) 0 1'15 0 618
glacialis (M. Alcaraz, unpublished data) % PP 200, nutrient supply (avg) ~ 29.885  29.890
Metabolic Ea . 010 2 N % PP zoo. nutrient supply (&) 70.482 77.830
activity eV) limits (1.0-
95% 6.5°C)
ensembles, different biological activities, and contrasting en-
R 1.292 (f,'gs?g)_ 651 051 42 vironments (0.65 eV, Dell et al., 2011). The differences could
Ng (1) 1685 (1.328— 1150 0.61 40 be due to the systematic variationE); across broad temper-
2.032) ature ranges, especially for relatively hifl values as men-
Pe (1) 1.905 (1.715-) 15.73 0.73 44 tioned by Huey and Kingsolver (2011). However, the lack of
2.185 homogeneity in the data set (the high variance of metabolic
Cr (2) 1.086 - 3.05 094 - rates, and the short span of environmental temperature, typi-
Cr (3) 1.331 - 319 094 - cal of the Arctic ocean), clearly bias the slopes of the Arrhe-
Cr (4) 1.05 - 5.0 027 40 nius plots E, values). Nevertheless, the relative differences
Cr () 1.56 - 155 055 19 between metabolic processes appear as statistically signifi-
Cr (6) 1.679 - 1140 0.77 12

cant.

An important consequence of the diverBg values for
the analysed metabolic activities was the differéng val-
absolute dominance of herbivorous zooplankton taxa (mainlyues for C-respiration and N- and P-excretion rates. The re-
copepods, euphausiids and appendicularians), while the prdationship between th@1o values Q10-Pe: Qi0-Ne: Q10
portion of carnivores (chaetognaths, cnidarians and amCr) was 2.4:1.7: 1. Previous data on zooplankton metabolic
phipods) was negligible. Although the trophic habit of the ex- response to temperature result @ho values from 2 to 3
perimental organisms was mostly herbivorous, and the protimes lower than our estimates (Ilkeda and Hing Fay, 1981,
portion of the different taxa across the experimental stationdkeda, 1985; Ikeda et al., 2001) for a huge collection of zoo-
was relatively constant (Table 3), the variability observed inplankton taxa and across a broad span of temperatures and
the response of metabolism to temperature was likely a conindividual body mass. One of the reasons for the uncom-
sequence of the mixed character of the experimental commumonly high Q10 values here obtained is the short tempera-
nity. ture range for which thos@1¢ have been estimated. Aside
from the variability of E5 as mentioned in Huey and King-
solver (2011), given a constahl, Qi is inversely related
to the average absolute temperature range for which it is esti-
The activation energy for the metabolic processes analysethated (see Eq. 2). It is worth mentioning tliato differences
here falls in the range found for respiration in Arctic plankton between metabolic rates of zooplankton are by no means
(Vaquer-Sunyer et al., 2010) and copepods (M. Alcaraz, un+are. Ikeda and Hing Fay (1981), Ikeda (1985), and Ikeda et
published data). Lower values, between half and one third ofl. (2001), amongst others, also obtained higheg values
our results, have been obtained for heterogeneous taxonomior Ng than for (g, agreeing with our results. Nevertheless,

4.2 Response of metabolic processes to temperature
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