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Abstract. The causes for a productive upwelling regionto be 1  Introduction

a source of C@are usually referred to the excess £€ip-

plied via upwelling of high dissolved inorganic carbon (DIC)

from deep water. Furthermore, we hypothesize that microbiaPwelling is an oceanographic phenomenon that can
activity plays a significant role on top of that. To test this hy- Pring nutrient- and dissolved inorganic carbon (DIC)-rich
pothesis, multiple biogeochemical parameters were investiSub-thermocline water upwards and thus can lead to ecosys-
gated at two cyclonic-eddy-induced upwelling sites, CE1 andt€m biogeochemical responses (Mann and Lazier, 2006). Cy-
CE2, in the western South China Sea. The data showed th&onic eddies elevate isopycnals in the upper ocean to induce
upwelling can exert significant influences on biological activ- Upwelling-like motion to varying degrees (Sweeney et al.,
ities in the euphotic zone and can also impact on particulate2003), and thus provide diverse scenarios for studies on sub-
organic carbon (POC) export flux depending on upwelling S€quent biogeochemical responses. Note that here we term in
conditions, such as the magnitude, timing, and duration of2 broad sense the eddy-induced upward motion as upwelling.
nutrient input and consequent microbial activities. At CE2, Some studies have reported eddy-induced upwelling areas
the increase of phytoplankton biomass caused by the upto be sinks of atmospheric GCassociated with enhanced
welled nutrients resulted in increase of POC export flux com-export flux of particulate organic carbon (POC) (Beaulieu,
pared to non-eddy reference sites, while at CE1 the microbiaf002; Honjo et al., 1999; McGillicuddy et al., 1998, 2003;
respiration of organic carbon stimulated by the upwelled nu-Newton et al., 1994; Siegel et al., 1999; Benitez-Nelson et
trients significantly contributed to the attenuation of POC ex-2al., 2007; O'Brien et al., 2013). Other studies suggest that
port flux. These results suggest that on top of upwelled DIC,eddies make a minor contribution to regional biogeochem-
microbial activities stimulated by upwelled nutrients and la- ical budgets (Oschlies and Gargon, 1998; Oschlies, 2002),
bile organic carbon produced by phytoplankton can play a@nd upwelling areas can be g@utgassing (Roson et al.,
critical role for an upwelling area to be outgassing or up- 1999; Chenetal., 2007). The recognized fact is that upwelled
taking CQ. We point out that even though an upwelling re- DIC-rich deep water through isopycnals elevation could re-
gion is outgassing C&) carbon sequestration still takes place lease CQ and ultimately result in outgassing (Burt et al.,
through the POC-based biological pump as well as the re2013). However, microbial contributions to such outgassing

fractory dissolved organic carbon (RDOC)-based microbialnave not yet been fully elucidated. _
carbon pump. Phytoplanktonic community structure shifts were reported

to be of great importance in controlling POC-based biologi-
cal pump (BP) carbon export from the surface ocean (Archer,
1995; Michaels and Silver, 1988; Boyd and Newton, 1999).
When small-sized phytoplankton (e.Brochlorococcugnd
Synechococcyislominate the community, the BP would not
be remarkable because picoplankton POC sinking rates are
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extremely low (Takahashi and Bienfang, 1983) unless they 23N
are aggregated (Richardson and Jackson, 2007). Instead, the)
are effectively grazed by Protozoa within the microbial loop
(Azam et al., 1983; Glover et al., 1988). Eddy lifespan is an-
other controlling factor on the extents of biological response o 7

. . L h 19° N b 4
and associated export flux, as nutrient injection would sub- @
side as the eddy begins to decay (Sweeney et al., 2003). De-
spite these significant recognitions, one issue has not yet been§ 7°N|

® All investigation stations

O Stations sampled for particle flux analysis
% Stations sampled for microbial analysis
O Scopes of the cyclonic eddies

219NF”

Yk SEATS

e,

< /
elucidated: While eddy-induced nutrient supply to surface % ke N
waters increases primary production, elevated nutrient levels — 15° N'j \ \*a@;
and consequently enhanced primary production could also ’i\ E 8
stimulate microbial heterotrophic metabolisms that influence 13°N7 (B

carbon respiration (Jiao et al., 2011) as well as carbon se- - =

questration through the microbial carbon pump (MCP) (Jiao 1en i

et al., 2010). Given that microbes are major contributors to

both community respiration (COsource) {50 to > 90 %; . w.

Rivkin and Legendre, 2001; Robinson and Williams, 2005) 91';70,5 109°E 111°E 113°E 115°E 117°E 119°E 121°E
and refractory dissolved organic carbon (RDOC) (k) Longitude

as the output of the MCP (Benner and Herndl, 2011), micro-

bial activities remain the key aspect to be addressed in thi§ig. 1. Location of the study sites in the South China Sea. CE1:

regard. We therefore hypothesize that upwelling can eithefold-core cyclonic eddy #1; CE2: cold-core cyclonic eddy #2. St.

increase or decrease POC export flux depending on the emEATS represents the Southeast Asia Time Series Station.

vironmental conditions and nature of microbial activity, and

thus can significantly inﬂue.nce Fhe dynami(;s of air—sea CO boundary. The SEATS site is the Southeast Asia Time Se-

exchange;. Totest af‘d verify th|s'hypothe3|s, we conducted fles Study station, which is an outside-eddy site monitoring

comparative study with systematic biogeochemical Observabackground levels (Zhang et al., 2009) (Fig. 1)

tions in two comparable cyclonic eddies in the South China v T

Sea (SCS) simultaneously, aiming at linking microbial ac-5 5 Biogeochemical parameters

tivities under different environmental conditions to the POC

export through the BP and RDOC production by the MCP, A SeaBird CTD-General Oceanic rosette sampler with Go-

which would have an important implication in examining the Flo bottles (SBE 9/17 plus, SeaBird Inc., USA) was used

CO; outgassing scenarios in upwelling areas so as to bettefo record temperature and salinity and to collect water sam-

understand the mechanisms and variability of the marine Carp|es_ Samp|es for inorganic nutrients (nitrate’]itrite1 phos_

bon sink. phate, silicate) were filtered through 0.45um cellulose ac-
etate filters and measured immediately onboard using a flow
injection analyzer (Tri-223 autoanalyzer) and standard spec-

2 Material and methods trophotometric methods (Su-Cheng et al., 1990). Oxygen
concentrations were determined on board using the Win-
2.1 Study sites kler method (Carpenter, 1965). Apparent oxygen utilization

(AOU) and oxygen saturation @Were estimated based on
In the study area of the western SCS, two well-developedn sjtu O,, temperature and salinity (Garcia et al., 2006). The
cold-core cyclonic eddies (CE1 and CE2) were identi- fluorescence of dissolved organic matter (FDOM) was mea-
fied and documented by Acoustic Doppler current profiler suyred on board using a Turner Designs (Model 10-AU, USA)
(ADCP) data and negative sea-level anomaly during thefluorometer equipped with the FDOM optical kit at 310—
GOE-2 cruise (on board R\Dongfanghong #214 Au- 390 nm excitation and at 400—-600 nm emission after seawater
gust to 14 September 2007) (Zhang et al., 2009, 2011awas filtered through pre-cleaned 0.22 pm pore size polycar-
Hu et al., 2011). The satellite altimetric histotyttp://eddy.  bonate membrane filters (Millipore). The fluorescence of the
colorado.edu/ccar/data_viewer/injlesuggested intensifica- samples is expressed in quinine sulfate units (QSU) where

tion of CE1 (decaying) and CE2 (young) during our sam-1 QSU is equivalent to the fluorescence of 1 1g Iquinine
pling. Biogeochemical surveys (Fig. 1) were carried out to sy|fate solution.

localize the eddies. For particle flux analysis, thirty-seven
sites were sampled. Biological measurements and incuba-
tions were conducted at four representative sites: TS1, Y12,
Y56 and SEATS. TS1 and Y12 were located in the center
of CE1 and CEZ2, respectively, and the Y56 site at the CE1
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2.3 Phytoplankton analysis in research literature to refer to respiration by microbes, here
we have designated BR to refer to microbial respiration.

Samples for photosynthetic pigments analysis were collected ikewise, the terms “bacterial growth rate (BG)”, “bacterial

on 0.7um pore-size GF/F filters (Whatman). Photosyn-growth efficiency (BGE)” are used correspondingly.

thetic pigments were extracted in N,N-dimethylformamide

(Furuya et al., 1998) and analyzed using reverse phasB8R = (BG x ICFx CCH(1/BGE—-1) 3)

HPLC on a C8 column and a modification of the method (\1ouring-Carballido, 2008

of Mantoura and Llewellyn (1983) and Van Heukelem

et al. (2001), including peridinin, fucoxanthin, #ut-  \yhere BG can be obtained by théH]-thymidine or PH]-
fucoxanthin, 18hex-fucoxanthin, neoxanthin, prasinoxan- |eycine technique; ICF and CCF are the isotope and carbon
thin, violaxanthin, alloxanthin, lutein, zeaxanthin, chloro- conversion factors; here, we used the ICF reported in Pacific
phyll b, divinyl-chlorophylla, and total chlorophyli. Based  py Kirchman (1992) (0.10& 10 cells mof? of incorpo-

on the pigment data, phytoplankton community composi-rated leucine), the CCF of 20fg C cell (Lee and Fuhrman,
tion was analyzed using CHEMTAX, including dinoflagel- 1987) and the BGE reported for open ocean regions (0.08;
lates, diatoms, haptophytes_4, haptophytes_3, chlorophytegopinson, 2008).
cryptophytesProchlorococcusSynechococcusnd prasino-

phytes (Mackey et al., 1996). 2.6 pCO, determination and air—sea CQ

. . . flux estimation
2.4 23%Th analysis and particle flux estimation

Surface watex CO; (the mole fraction concentration of GO
Total thorium-234 was determined using a small volume (2, the dried sample gas flow) was measured using a LI-COR
or4L) MnG, co-precipitation method (Benitez-Nelson etal., 7000 nondispersive infrared spectrometer coupled to a gas—
2001; Buesseler et al., 2001; Cai et al., 2006). Beta countingyater equilibrator according to Zhai et al. (2005). The water
of 234Th was carried out using a gas-flow proportional low- temperature and salinity right before the equilibration cham-
level beta counter (Model GM-25-5, RIS@ National Labo- per was recorded by YS8ltemperature and salinity sensors.
ratory, Denmark). Totat**Th activity was calculated after \eteorological data was obtained from the onboard weather
recovery calibration andascorrectior_ls from decay &MTh  station. The partial pressure of GOf the surface water at
mgrowth f_rom dissolved?38U according to Cfil etal. (2_006). the temperature of equilibrationpCO, (eq), units: patm,
238 activity was calculated from the following equation:  the partial pressure of GQat the in situ temperaturgCO,
(water), units: patm], the partial pressure of £ the air
[pCO, (air), units: patm] and the air—sea €€ux were esti-
mated according to Zhai et al. (2005). Temperature corrected
CO, were estimated according to Takahashi et al. (1993).
positive value of air-sea COflux indicates a transfer of
O, from water to the atmosphere. Gas transfer velocity was
calculated from wind speeds. The relationship of gas transfer
?/elocity with wind speed proposed by Sweeney (2007) was
used to estimate the value of air—sea GlOx.

238y (dpmL~1) = 0.07081x salinity (Chen etal., 1986) (1)

Export flux of 234Th was determined througf?*Th /238U
disequilibria under the assumptions of steady state and n§
physical horizontal transport. Particle organic carbon (POC)C
export flux was determined according to the ratio of POC to
234Th (Buesseler et al., 2006; Savoye et al., 2006), using th
following equation:

POC flux= 234Th flux x (POC/?%*Th) (Buesseler et al., 2006 (2) 2.7 Statistical analysis
2.5 Heterotrophic microbial abundance, production

- . Since normal distribution of the individual data sets was
and respiration estimates

not met, we used the non-parametric Kruskal-Wallis test for

Microbial abundance was determined by epifluorescenceC omparison of variables between sites by SPSS software.

microscopy. Samples were stained with64diamidino-2-

phenylindole (DAPI) and counted under a Zeiss Axioplan 3 Results and discussion

2 epifluorescence microscope. To determine heterotrophic

microbial production, water samples were incubated with3.1  Upwelling of nutrient supply to the euphotic

[3H]leucine (10nM final concentration; 65 Cimmd zone and biological responses

Amersham) at in situ temperature. The disintegrations per

minute (DPM) were counted in a liquid scintillation counter The surface waters (upper 200 m) of both CE1 and CE2 ex-

and converted into leucine incorporation rates (Kirchman anchibited lower temperature, higher salinity, and higher nutri-

Wheeler, 1998). ent levels as compared to the surrounding waters (Table 1;
Microbial respiration rates were estimated indirectly. As Fig. 2). Apparently, the cyclonic eddy isopycnal uplift re-

the term “bacterial respiration (BR)” is more commonly used sulted in shoaling of the mixed layer and nitracline at both

www.biogeosciences.net/11/2465/2014/ Biogeosciences, 11, 246%-2014
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Table 1. Hydrographic characteristics, phytoplankton, particle export parameters, bacterial abundance and respiration and aitugsea CO

in CE1, CE2 and surrounding waters. CE1: cyclonic eddy #1; CE2: cyclonic eddy #2.aT@hal chlorophylla; SS: stable state; POC:

particle organic carbon; BA: bacterial abundance; BR: bacterial respiration rate. Non-parametric Kruskal-Wallis test was used for comparison
of variables between sites.

Parameters CEl1 CE2 Reference site
Hydrography

Depth of mixed layer (m) ~ 25 ~15° ~ 4CF
Euphotic depth (1 % light level, m) ~ 62 ~63P ~ 78
Nitracline depth (m) ~ 202 ~10° ~70°
TemperaturedC, at 25 m) 27.72 23.3% 29.6F
Salinity (at 25 m) 34.12 34.08 33.9¢
AOU (mol m~2, 50—100 m) 483 5.8 2.3

Phytoplanktond

TChla (mg m~2, 050 m}*
Fucoxanthin (mg m2, 0-50 m)

Divinyl chorophylla (mg m—2, 0-50 my*

Particle exportd

SS234Th flux @100 m (dpm m2 d—1)*
POC (x10°mol Cm~2, 0-100 mj
POCA34Th @100 m (umol C dpm?)
POC export @100 m (mmol Cf d—1)*

Bacteria
BA (10° cells mL™1)
BR (mg CnT2d~1, 0-100m)

Air-sea CO; fluxd
ObservedpCO, (patm)
Temperature correctgaiCO, (uatm$

12.3+ 3.68 (N=23)
0.60: 0.26 (N=22)
2.88+1.13 (N=22)

7124+ 521 (N=8)
1.7640.26 (N=8)
3.43+1.00 = 8)
2.50+2.03 (N=8)

2419 (N=2)
32¢ (N=2)

417+ 11 (N=9112)
426+ 16 (N=9112)

13.8+4.91 (N=11)
1.14+1.10 (N=11)
1.97+2.02 (N=11)

1609+ 572 (N=6)
2.18+0.38 (N=6)

3.66+1.00 = 6)
6.16+ 3.74 (N=6)

1.79
258

408t 7 (N=1330)
405+ 12 (N=1330)

10.147.89 (N=47)
1.074+1.89 (N=47)
1.724+0.90 (N=47)

12794 697 (N=22)
1.78+0.35 (N=17)
3.66+1.12 (N=22)
4.92+3.63 (N=22)

2.1#
29%F

400t 8 (N=13754)
396+ 18 (N=13754)

CO, flux (mmol m—2 d—1)** 4.15+0.84 (N=9112) 3.43:0.59 (N=1330) 2.82:0.65 (N=13754)

aData from the CE1 center site TS1Pata from the CE2 center site Y12PData from the reference site SEATSData were meatt SD (standard deviation)
from the CE1 and CE2 regions and the reference sites of surrounding vfatsnalized to the arithmetical average of underway SST (28:T)6"* P < 0.01;
*P <0.05.

cases (Table 1; Fig. 2). Consequently, the nutrients injectedhe less intense upwelling (e.g., during the later intensifi-

into the nutrient-depleted euphotic zone effectively stimu- cation period) and consequently higher temperature (which
lated phytoplankton growth as indicated by the increase offavors cyanobacteria) at CE1 than CE2 could be responsi-
chlorophyll « concentration (Table 1, Fig. 3a). The total ble for the corresponding differences between their commu-
chlorophylla maximum values at the eddy central sites of nity structures. CE2 upwelling brought nutrients to the up-

CE1 (TS1) and CE2 (Y12) were 0.65 and 0.75 jig Lre- per layer of the euphotic zone where light was replete as in-
spectively, while only 0.46 and 0.35ugt at the CE1 pe- dicated by the mixed layer, eutrophic depth, and nitracline
riphery site Y56 and the reference site SEATS, respectivelydepth (Table 1), and diatoms responded and bloomed; nutri-
Interestingly, while nitrogen and phosphorus were depletecents translocated by CE1 upwelling can reach only the lower
in the surface 50 m at both CE1 and CEZ2, silicate at CEllayer of the euphotic zone, where picoplankton are dominant;
seemed to be in relative abundance compared to CE2 (Fig. 2however, diatoms did not respond as strongly due to lack of
Photosynthetic pigments analysis indicated that the domisunlight at that depth. A clear pattern in the depth profiles of
nant autotrophs at CE1 were cyanobacteria rather than diphytoplankton pigments was observed: the maximum chloro-
atoms as occurred at CE2 (Table 1, Fig. 3b and c), suggesphyll a depth (MCD) was the shallowest in the strongest

ing that diatoms in CE1 were surpassed by cyanobacteria andpwelling area (CE2) where diatoms were dominant, but
not well developed, allowing extra silicate to be left over deeper in weak- or non-upwelling areas whierechlorococ-

in the environment. Alternatively, a diatom bloom had de- cuswere prevalent (Fig. 3a). As a result of biological interac-

cayed, and silicate was present from dissolution. Thereforetions under upwelling conditions, heterotrophic microbes in

Biogeosciences, 11, 2468475 2014 www.biogeosciences.net/11/2465/2014/
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Fig. 3. Depth profiles of phytoplankton pigments at the eddy cen-
ters (TS1 and Y12), the eddy edge (Y56) and the reference site (St.

SEATS). Data are the average values over time series analysis at . . . .
St. TS1 (N=6) and SEATS (N=7). Error bars indicate standard Munity structure in that diatoms contribute more to POC ex-

deviations. TChk: total chlorophylla. port fluxes at CE2 than at CE1.

3.3 Microbial respiration contributing to attenuation of

. : i POC export and CO, outgassing
the middle euphotic zone (50 m) occurred at varying levels of

abundance among the upwelling sites (CE1 boungla@E1 | order to test whether microbial activity significantly influ-
center> CE2 Center) (Table 1) similar tBrochlorococcus enced POC export flux in the two eddy_induced upwe”ing
(Fig. 3b), rather than to diatoms (Fig. 3c) (also see Sect. 3.3)ecosystems, microbial abundance and activity were investi-
gated at two representative stations of CE1, one station of
3.2 Responses of POC export flux CE2, as well as at St. SEATS (Fig. 1). Generally, microbial
abundance decreased dramatically with depth, but showed
Total 234Th activities varied with depth ranging from distinct differences between the four sites. At 50 m where
0.424+0.06dpm L1 at2mto 2.78:0.08dpm -1 at 100m  upwelling impacts were significant, the highest abundance
in the entire study area. The mean valueSYmh activic  was observed in CE1, while the lowest abundance occurred
ties at 100m of CE1, CE2, and surrounding non-eddy sitesn the center of CE2 (Table 1). Leucine uptake, as a mea-
were 2.45, 2.41 and 2.32 dpmL, respectively (Fig. 4). The sure of microbial activity, decreased with depth by two or-
largest disequilibrium betweéi*Th and its paremt®8U oc-  ders of magnitude within 200m (Fig. 5). As with abun-
curred at the upper euphotic zone of CE2, indicating it as thedance, microbial activities at 50 m depth were also higher
site of highest particle export. In contrast, the smallest ex-at the two stations in CE1 (17.08 and 18.62 pmoth~1
port signals were observed in CE1 (Fig. 4). The POC fluxesat sites TS1 and Y56, respectively) than that in the center
at 100 m estimated through tR&Th activity showed a simi- of CE2 (13.95 pmol£1h~! at site Y12). However, when
lar pattern in that the highest and lowest POC fluxes occurredbundance-specific (unicellular) leucine uptake rate is con-
in CE2 (6.16+ 3.74mmol Cm?d~1) and CE1 (2.5&:2.03  sidered, the highest value was observed at the center of CE2
(mmol CnT2d~1), respectively. Independent samplésst  (Fig. 5). CE2 has been characterized as being more intense,
(p < 0.05) analysis suggests that the difference in POC fluxas the ADCP data documented counterclockwise currents of
between CE1 and CE2 is significant (Table 1). Such differ-higher speed in CE2 (1.1 m$ at maximum) than in CE1
ence is consistent with the difference in phytoplankton com-(0.7 ms 1) (Zhang et al., 2011b), and the age of CE2 was

www.biogeosciences.net/11/2465/2014/ Biogeosciences, 11, 246%-2014
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younger than CE1 as seen from the satellite altimetric his- 1.0
tory. Thus, the microbial abundance in the shallow water
of CE2 was likely diluted by deep water with low micro-
bial abundance; however, cell activity could be stimulated
by labile organic carbon which was released from enhanced
phytoplankton biomass. In CE1, POC export flux was lowest
whereas BR was highest, corresponding to the highest tem-
perature correcteggCO, (4264 16 patm) and air—sea GO
flux (4.15+ 0.84 mmol nT2 d~1) among all the investigation
sites. This observation cannot be attributed to DIC release, as
CE2 rather than CE1 exhibited the strongest upwelling and 0.0 . ‘ ‘
thus the strongest DIC release from sub-thermocline water as ' -50 0 50 100 150
indicated by the mixed layer and nitracline depths (Table 1); A

however, the temperature correcte@0, (405+ 12 patm) AOU (umol kg )

and total CQ outgassing (3.430.59 mmolnT2d=1) in _ o _ _
Fig. 6. Relationships between humic-type fluorescent dissolved or-

CE2 was found to be lower than CE1. That is, it was mi- . L .
crobial activity which did matter for the CQoutgassing in ganic matter (FDOM) and apparent oxygen utilization (AOU) in the
euphotic zone of CE1. Error bars indicate standard deviations.

this upwelling area. In fact, in CE1, the average carbon loss
by microbial respiration was about eleven-fold the average
POC export flux at 200 m (Table 1). The enhanced total mi-
crobial activity could have consumed more organic carbon

leading to lower POC export flux and higher g-Gutgassing abundance diluted by deep water, gradually increasing BR

in CE1 than the other sitgs (Table 1). The ;atellite altimetricwas identified as the prevailing feature of the cyclonic eddies
and chlorophyll data serie$tfp://gdatal.sci.gsfc.nasa.gov/ (Table 2)

daac-bin/G3/batchDownload.gguggested that the primary

production at the initial stages of CE1 could be slightly lower 3 4 microbial oxygen consumption and organic carbon
than that of CE2, but this difference was not profound enough transformation

to cause the large difference in POC export between CE1 and

CE2. It is most likely that upwelling induced nutrient input AOU has been demonstrated as a useful indicator of micro-
enhanced phytoplankton biomass and labile organic carbogjal consumption of oxygen in the water column (Hayase and
release which then stimulated bacterial growth and respirashinozuka, 1995; Yamashita and Tanoue, 2008). In our study,
tion. Bacteria became more competent in attaching to anjata taken from both CE1 and CE2 yielded higher AOU val-
consuming POC and attenuating POC export flux. As foryes than the reference site (Table 1). The effects of oxygen
the case of CE2, a diatom-dominated community (Table 1) consumption are also verified by the microbial metabolic
whose growth was induced by the nutrient supply, would begytput — the fluorescence of humic-type dissolved organic
the main reason for the hlgh POC export flux. Taken tOgethermatter, which was measured as an indicator of RDOC (Ya_
the intensity and age of the two eddies and the different remashita and Tanoue, 2008). Our earlier studies have shown
sponses in phytoplankton community and microbial activity that humic-type FDOM and the ratio of humic-like FDOM
suggest that phytoplankton rapidly responded to upwelledo hulk DOC concentrations were generally higher in the cy-
nutrients, accumulating biomass and causing high POC exclonic eddy centers than at the reference site St. SEATS, es-
port at the initial intensification period (such as the case ofpecially at 35 to 75m depths (Zhang et al., 2009). In our
the of CE2); bacteria were subsequently stimulated by nutristudy, humic-type FDOM in the euphotic zone also displayed
ents and labile DOC produced by phytoplankton resulting inhigher fluorescence intensity in the upwelling areas than the
high respiration rates during the later intensification periodyreference site. Furthermore, a significant positive correlation
(such as the case of of CE1). (p < 0.01) between AOU and FDOM was observed in the
It has also been reported that centers of cyclonic eddies iRuphotic zone of CE1 where microbial respiration was strong
the northwestern subtropical Atlantic (Mourifio-Carballido, (Fig. 6), suggesting that FDOM was associated with micro-

2009) were associated with low net community productionpjal decomposition of organic matter and the consumption of
as the result of a noticeable increase in BR, although sevpyygen.

eral observations have reported reduction in respiration rates

in cyclonic eddies in the northeastern subtropical Atlantic3.5 Influence of upwelling on CQ outgassing and
(Gonzalez et al., 2001; Maixandeau et al., 2005). This was at- carbon sequestration

tributed to lower microbial abundance or lower maintenance

respiration of heterotrophic microbes inside rather than out-Our results suggest that when nutrient-rich deep water with
side the cyclonic eddy (Gonzalez et al., 2001). Although low low abundance of microbes is upwelled to the upper euphotic

of DOM (QSU)

Humic-type fluorescence

BR could occur at certain upwelling stages as was observed
in this study in CE2, which was due to the low bacterial
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Table 2. Bacterial respiration inside and outside the mesoscale features in the Atlantic.

Study area Study site BR Reference
(mg Cnr3d1,
0-100 m)
Northeastern Atlantic
Ambient Stn159 54.16 Lochte et al. (1987)
Eddy centre Stn161 31.75
Eddy centre Stn162 32.04
Eddy margin Stn163 37.18
Ambient Stn164 16.23

Reference station Stn170  3.35
Northwestern Sargasso Sea

Eddy 1 edge (N=10) 2.05 Ewart et al. (2008)
Eddy 1 center (N=3) 1.68
Eddy 2 edge (N=3) 231
Eddy 2 center (N=1) 1.85
BATS
Cyclonic eddies B178 7.39
Reference dafa 3.08
Sargasso Sea
Cyclones 0.20 Mourind-Carballido (2009)
BATS
Cyclones center 1.09
Cyclones edge 0.01
Anticyclone 0.64
CAC —0.55
The Canary Islands
(15-19° W, 27-29 N)
Cyclonel 18.72 Baltar et al. (2010)
Far-fields (FF)1 24.44
Cyclone2 12.63
Far-fields (FF)2 3.62

2 Bacterial respiration rate (BR) was calculated using BR = (BE&F x CCF) (1/BGE — 1) according to the bacterial production derived
from the reference®. Reference data from the BATS summer climatology (1999-2602prresponds to areas of interaction between
cyclone and anticyclone eddies.

zone, a corresponding bloom in phytoplankton, such as dimunity composition, all these variables influence the depth of
atoms, would occur; meanwhile, an initial reduction in to- remineralization (Kwon et al., 2009). Therefore, upwelling
tal microbial respiration would also occur. These two eventsscenario models should be established to better illustrate the
would consequently result in an increase of POC export fluxeffects of upwelling on ocean carbon uptake/outgassing dy-
as demonstrated in the case of CE2. In the case that diatomamics.
blooms do not occur or picoplankton populations dominate Based on the above consideration, two scenario models
the community, as with the case of CE1, the microbial loopcan be established (Fig. 7). When an upwelling event brings
develops, and microbial respiration is mobilized. This exac-nutrients and DIC to the upper layer of the euphotic zone
erbates the attenuation of POC flux and could play a criticalwhere light is replete, diatoms respond and bloom and con-
role for a marine upwelling area to be an outgassing area ofequently enhance POC export and excess Qfgassing
COo. (Burt et al., 2013; Dai et al., 2013); Meanwhile, total micro-
Taken together, POC sinking and microbial respirationbial respiration would be decreased due to low abundance
suggested that the remineralization depth, a compreherand low temperature brought by the deep water. As a result,
sive parameter, can be referred to. A three-dimensionaPOC export flux exceeds respiration flux, and even could
global ocean biogeochemistry model has shown that a modexceed total C@flux (Fig. 7a; instance: CE2). This would
est change in remineralization depth can have a substantialeepen the mineralization depth and thus favor, Qftake
impact on atmospheric COconcentrations (Kwon et al.,, by the ocean (Kwon et al., 2009). If the upwelled nutri-
2009). As upwelling processes influence nutrients, temperaents and DIC can reach only the lower layer of the euphotic
ture, oxygen concentration, as well as stratification and comzone where picoplankton, especial®rochlorococcus are
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Fig. 7. Scenario models for the effects of upwelling on ocean car-
bon uptake/outgassing dynamics. Note the scenarios assume steady
state of a water body without advective exchanges at horizontal di-
mensions. Red arrows indicate respiration flux; pink arrows indicate
DIC release from deep watdn) Scenario of POC export flux ex-
ceeding total CQ flux: nutrients are injected into the upper layer Fig. 8.A diagram showing the factors influencing @8@ynamics in
of the euphotic zone; diatoms are dominant; POC export exceedan upwelling area. C&,: CO, dissolving into the sea from atmo-
COy outgassing; the biological pump is the prevailing mechanismsphere; CQg: CO, released from the ocean; OC: organic carbon;
for carbon sequestratio(b) Scenario of total C@flux exceeding ~ RDOC: refractory dissolved organic carbon which could stay in the
POC export flux: nutrients are injected only into the lower layer of water column for long-term storage; P@: particulate organic
the euphotic zoneRrochlorococcusare dominant; microbial respi-  carbon exported out of the euphotic zone; ¥Cdissolved inor-
ration is mobilized; C@ outgassing exceeds POC export; the MCP ganic carbon in the upwelled water, which can be further released
is the prevailing mechanism for carbon sequestratfopA non- into the atmosphere when conditions permit; & CO, from res-
upwelling scenario for reference. piration. See the text for further details. It is also shown that carbon
sequestration takes place through the BP and MCP in an upwelling
area even if it is outgassing.
dominant, diatoms do not respond much to the upwelling due
to lack of light exposure at that depth; instead, the microbial
loop could be very active (Hagstrom et al., 1988; Azam et al.
1993). As a result, microbial respiration flux and total O
flux would exceed POC export flux (Fig. 7b; instance: CE1).
This would result in shoaling the mineralization depth and
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4 Summary

The results from the present study indicate that when
. : . . nutrient-rich deep water with low abundance of prokaryotes
result in a decrease in oceanic DIC capacity (Kwon et al.,. . .
is upwelled to the upper ocean, a corresponding rapid growth
20009). o o .
of phytoplankton and an initial reduction in total bacterial

In addition, the common notion that *outgassing areas arerespiration might result in an increase of POC export flux,

carbon sources” needs to be revised for the case of ma- .
. . . - as demonstrated in the case of CE2, whose age was younger
rine upwelling regions. As shown in Fig. 8, for a steady

) . and whose upwelling was stronger than that of CE1. In the
upwelling system, C@released from DIC-rich deep water . .
: . LT . case that phytoplankton blooming does not occur or pico-
(DICyp) has to be taken into consideration in the equilib- : : .
. . ; . o phytoplankton dominates the community, as in the case of
rium of carbon sources/sinks. Even if g@issolving into

the sea from atmosphere () < (CO, from respiration CE1 during the later intensification period, the injected nu-
(COpreq+ DICyp), it does not necessarily preclude a state oftrlents and phytoplankton originated labile organic carbon

h o could stimulate microbial respiration, which exacerbates the
massive carbon sequestration in the system, and sequestereg .
attenuation of POC flux.

carbon need not be exported out entirely as POC (REC : .
S The results further suggest that while upwelling usually
:\t/l éinaberzg)gﬁ (2 Jligodlests;wez%lfg;m_rﬁzr;ggca;hlr;?ggstr:ﬁenhances primary production through the injection of nu-
conditi(?r? (COin+ POGs —|:RDOC.) (COy ' DIC )gis frients into the euphotic zone, upwelled DIC-rich deep wa-
n xp ~ rest Dlup ter could release CQand ultimately result in outgassing.

met, the equilibrium will favor carbon sequestration, even : . L .
9 q Moreover, microbial respiration could be stimulated and ac-

if it is outgassing. Upwelling areas can be £6utgassing . )
celerated by this nutrient enhancement and subsequent phy-
and yet export POC through BP and produce RDOC througqoplankton labile DOC, and thus result in a productive up-

MCP. Therefore, the adjudgment of a marine region to b.ewelling area to be a Cgoutgassing area. In terms of carbon

a carbon sink or source should be made carefully and in

consideration of the long-term balance between the amoui‘?aq.ur:a Osvtvr:\t/lé)r ’ifUpi\gs II;ggkﬁz??;:g;%?;giégﬁ;;&tr)ased
of outgassing carbon and the sum of the outputs of the BP, _’ - ! picop N

and the MCP, rather than simply according to momentarytha!1 net phytqplankton eg. d'ato”.‘s) dgmlnate the system,
; their non-sinking POC favors the microbial loop rather than
CO, partial pressures.

the BP. The remineralization depth would vary with the in-
teraction between BP flux and respiration rate, and influence
the DIC capacity in the upper ocean. Nevertheless, even if the
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BP is severely weakened, RDOC formation by the MCP canBurt, W. J., Thomas, H., and Auclair, J.-P.: Short-lived radium iso-
still work well, and carbon sequestration takes place while topes on the Scotian Shelf: Unique distribution and tracers of
an upwelling area is outgassing. Given the tremendous com- cross-shelf CQ@ and nutrient transport, Mar. Chem., 156, 120

plexity of the biological and biogeochemical responses to up-_ 129, 2013. . .

welling events, further high-frequency sampling and simul- ai. P-. Dai, M., Lv, D., and Chen, W.: Animprovementin the small-

taneous observations of the BP and the MCP in the field are volume technique for determining thorium-234 in seawater, Mar.

tial f bett derstandi f b tratio Chem., 100, 282-288, 2006.
Qs;:an 1al for-a better understanding of carbon sequestrati earpenter, J. H.: The Chesapeake Bay Institute technique for the
in the ocean.

Winkler dissolved oxygen method, Limnol. Oceanogr., 10, 141—
143, 1965.
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