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Abstract. The organic carbon fluxes mediated by planktonic1 Introduction

communities in two cyclonic eddies (CEs) and two anticy-

clonic eddies (AEs) at the Canary Eddy Corridor were stud-The dynamics of mesoscale eddies exert profound influences
ied and compared with the dynamics in two far-field (FF) on the vertical fluxes of organic matter, nutrients and carbon
stations located outside the eddies. We observed favorabl@wen, 1981; Alstegui et al., 2003; Martin and Richards,
conditions and signs for upwelling at the center of CEs andppp1: Mathis et al., 2007: Alonso-Gdalez et al., 2010:

for downwelling and mixing at the centers of AEs. CEs were genitez-Nelson and McGillicuddy, 2008) and may modulate
characterized by a higher concentration of nutrients and thgne gceanic vertical pump (Oschlies and Garcon, 1998). Pre-
highest concentration of chlorophydl (chl ), associated yjous studies have indicated the importance of mesoscale ed-
with the highest abundance of microphytoplankton and di-gjies in ocean biogeochemistry by modulating the efficiency
atoms. AEs displayed concentrations of eialues and nu-  of the biological pump. Indeed, cyclonic eddies (CEs) tend
trients similar to those at the FF stations, except for the high+g promote the biological pump by increasing nutrient sup-
est ammonium concentration occurring at AE and a very Iowp|y, thereby enhancing the primary production (Smith et al.,
concentration of phosphorus at FF stations. AEs were tran1996: Garcon et al., 2001; McGillicuddy et al., 2007) and by
sient systems characterized by an increasing abundance of Hiavoring larger phytoplankton cells (Rdduez et al., 2001;
cophytoplankton and heterotrophic bacteria. While primary\jjllancourt et al., 2003). Anticyclonic systems are mostly
production was similar between the systems, the productionyjigotrophic structures characterized by nutrient-poor sur-
of dissolved organic carbon Bc) was significantly higher  face waters (Falkowski et al., 1991; McGillicuddy et al.,
in the AEs. Phytoplankton cell mortality was lowest in the 1998), constraining primary production and frequently asso-
CEs, and we found higher cell mortality rates at AE than cjated with relatively intense bacterial abundance and pro-
at FF stations, despite similar chlconcentration. Environ-  qyction (Bidigare et al., 2003; Ewart et al., 2008; Baltar et
mental changes in the AEs have been significantly prejudi-) 2010).

cial to phytoplankton as indicated by higher phytoplankton  The Canary Archipelago is a continuous source of
cell mortality (60 % of diatoms cells were dead) and higher nesoscale eddies generated by the Canary Current and of the
cell lysis rates. The adverse conditions for phytoplankton astzde wind perturbations by the islands’ topography &fier
sociated with the early-stage anticyclonic systems, mainlyet a1., 2008: Piedeleu et al., 2009) and the main pathway of
triggered by active downwelling, resulted in higher cell mor- |ong-jived eddies in the subtropical northeast Atlantic, origi-
tality, forcing photosynthesized carbon to fuel the dissolvednating at the Canary Eddy Corridor (Saagt al., 2009). La
pool. Palma, El Hierro, Tenerife and Gran Canaria islands, where
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surveyed eddies have been located, may be viewed as taladiation may stress phytoplankton cells, resulting in subse-
deep islands due to their steep and higher topography. Thquent losses through cell mortality and lysis.
presence of a strong surface wind shear/curl cells has been The examination of the physiological status of phyto-
documented in these islands’ lees during summer (Basterplankton and bacteria cells in eddy systems may thus provide
retxea et al., 2002; Jiemez et al., 2008; Mason et al. 2001). insights into the consequences of eddy dynamics for carbon
On the basis of a submesoscale resolution quasi-synoptiftuxes in the ocean. We, therefore, examined anticyclonic and
temperature section crossing the Gran Canaria wake, Bastecyclonic eddies in the Canary eddy field to test for differ-
retxea et al. (2002) observed evidence of downward/upwarences in the production of carbon and physiological status of
lineal Ekman surface-layer pumping coinciding with strong phytoplankton and heterotrophic bacteria. In particular, we
anticyclonic/cyclonic wind shear regions. Additional studies examined particulate and dissolved primary production, phy-
have been initiated at this zone to better understand the imtoplankton lysis rates and the percentages of living and dead
plication of counter-paired cyclonic and anticyclonic eddies phytoplankton and heterotrophic bacteria cells. We examine
for biological processes and to address their influence in carhere the relationship between phytoplankton cell mortality,
bon fluxes. Cyclonic eddies promoted nutrient pumping andlysis rates and thegdc by phytoplankton, on the one hand,
vertical uplifting of the deep chlorophyll maximum, increas- and their relationship with the status of bacteria cells on the
ing plankton production, while anticyclonic eddies (AEs) other. We examined these properties in two anticyclonic and
tended to accelerate downstream transport below the photitwo cyclonic eddies in the Canary eddy field as well as at two
zone (Aiistegui et al., 1997; Astegui and Montero, 2005; far-field (FF) locations, in order to examine these properties
Gonzlez-Cavila et al., 2006). Since anticyclonic structures in the absence of eddy forcing.
can be long-lived coherent structures lasting several months
(Sanga et al., 2005, 2009), the magnitude and the efficiency
of biological processes such as production and health status Materials and Methods
of communities can be affected for extended periods and may
consequently have significant implications in carbon fluxes. 2.1 Description of the cruise track and eddies

In the present study, we aim to explore whether anticy-
clonic eddies may affect the physiological status of phyto-Sampling was conducted at stations located at the subtropical
plankton and heterotrophic bacteria cells by stressing popunortheast Atlantic, in the Canary Islands region (Fig. 1), on
lations as a consequence of the downstream processes ahdard the R/VHeseridesduring the RODA-1 (Remolinos
the associated decline of nutrient concentrations. We do s@ceanicos y Deposiéin Atmosgrica) cruise from 11 August
by characterizing the hydrological conditions and physicalto 5 September 2006. The biological and chemical character-
features of the eddy systems along with the nutrient avail-istics of eddies were studied in two cyclonic eddies (CE1,
ability and biological processes at the euphotic zone withinCE?2), two anticyclonic eddies (AE1, AE2), and two stations
cyclonic and anticyclonic systems of the Canary eddy fields,away from the perturbed region by the Island, named undis-
and by comparing them to similar processes in waters outturbed far-field stations (FF1, FF2; Fig. 1). To identify the
side the eddy systems. Specifically, we quantify the abun-eddy fields and investigate the initial hydrographic structure
dance and physiological status of heterotrophic bacteria andf cyclonic and anticyclonic eddies shed by the Canary Is-
phytoplankton and its community structure, as well as thelands, their lee waters were first surveyed using real-time sea
production of dissolved organic carbomdr), linking these  surface temperature (SST). These images allowed us to de-
two components of the planktonic food web. tect the surface signature of four eddies: two cyclonic eddies,

The status of phytoplankton cells is emerging as a keyone in the lee of Gran Canaria (CE1) and another west of La
driver determining the flow of carbon from primary produc- Palma (CE2), and two anticyclonic eddies, located southeast
ers to phytoplankton, as indicated by phytoplankton mor-of El Hierro (AE1) and southwest of Gran Canaria (AE2)
tality and cell lysis during stress (e.g. Agust al., 2001).  (Fig. 1). During each survey we sampled sections of 9 to
Both mechanisms are perceived to be important loss prodi3 expendable bathythermographs (XBTs) or CTD stations
cesses (Proctor and Fuhrman, 1991; Brussaard et al., 1998¢ross the estimated eddy centers. The XBT probes provided
Agust et al., 1998; Agustand Duarte, 2000) and increase the temperature of the water column down to a depth of
the proportion of primary production that flows to the dis- 700 m, while CTD probes reached 1000 m depth (Figs. 2a,
solved pool as Boc. Phytoplankton health status is likely c and 3a, c). Temperature anomalies were calculated using
dependent on the presence of stressors, such as reduced nuthie most distant section stations from the eddy centers as ref-
ent availability (Myklestad, 1977), or incident UVB and PAR erence, where minimums in the isotherm perturbation were
radiation (Berges and Falkowski, 1998; Llabrand Agust encountered (Figs. 2b, d and 3b, d). These parameters were
2006). Hence, changes in hydrological properties occurringused to estimate the maximum depths of the eddy and the
at anticyclonic systems and affecting nutrient availability of diameter of the mesoscale structures (Table 1). Mixed layer
the exposure of phytoplankton cells to intense UVB and PARdepths were calculated using the method of Kara et al. (2000)

and checked visually. Wind curl fields were derived from
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Fig. 1. Observational domain. Black dots indicate the location of the biogeochemical stations at the far-field (FF1, FF2) and at the center of
the cyclonic eddies (CE1, CE2) and anticyclonic eddies (AE1, AE2). Black lines indicates the location of the XBT transects crossing the
eddies.
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conductivity—temperature—depth (CTD) system. The fluores- ces ce2 ce2
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to 150 m. Samples for the determination of the dissolved o 3 g %
inorganic phosphate concentrations and the nitratérite s
concentrations were kept frozen until analyzed in a Bfan o s s om0 s s o7 owe %o s w0 w0
Luebbe AA3 autoanalyzer following standard spectropho- prstance (km) pistance (km) pitance (k)
tometric methods (Hansen and Koroleff, 1999), and am'Fig.Z.VerticaI sections from XBT transects showing the signals of
monium concentrations were measured spectrofluorometrigycionic eddies CE1 and CE2. Left panels: temperafu€3 ection
cally within 1 h of collection following Kerouel and Aminot  for (a) CE1 and(c) for CE2. Right panels: temperature anomaly
(1997). (°C) sections fob) CE1 and(d) CE2. Grey arrow in the top axes
Samples of 200 mL of water from 6 depths were filtered indicates the location of the eddy center signal.
through Whatmann GF/F filters to estimate total chloro- internalGraphik ist zu klein zu lesen, bitte groesser machen.
phyll a concentration (ch&) and extracted for 24 h in 90 %

acetone for fluorometric determination (Turner Designs flu- o .
orometer) following Parsons et al. (1984). Samples for the quantification of nano- and microphyto-
plankton abundance were sampled at surface (5m) and the

deep chlorophyll maximum (DCM). Samples of 2-3 L were
concentrated onto 50—-70 mL samples by using a Millipore
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Table 1. Oceanographic properties characterizing the structure of cyclonic and anticyclonic eddies (CEs and AEs, respectively) studied.
T. anomaly corresponds to the temperature anomaly.

EDDY CE1l CE2 AE1l AE2

Origin Gran Canaria  La Palma El hierro Gran Canaria
Eddy Type Cyclonic Cyclonic Anticyclonic Anticyclonic
Data type CTD XBT-CTD(L) XBT XBT

T. anomaly —4°C(50m) —-4.56°C(50m) 3.5C(140m) 4.5C(70m)

H. anomaly —77m —64m 73m 65m

Depth >500m 350m 350m 300m

Mixing layer depth 20m 30m 160m 90m

cell concentrator chamber, which allows concentration of30 min at 33°C and finally placed in ice in order to cease
cells with no significant effect on cellular status (e.g. via- enzymatic activity. Nano- and microphytoplankton treated
bility, movement for flagellated cells, integrity of frustules) samples were then filtered onto polycarbonate 2 um-pore-
(Agust and Snchez, 2002; Alonso-Laita and Agys2006;  diameter black filters, washed several times with filtered sea-
Lasternas et al., 2010). Phytoplankton cells were counted uswater, fixed with gluteraldehyde (1% final concentration)
ing an epifluorescence microscope (Zéigsxioplan Imag-  and stored frozen at-80°C until counting by epifluores-
ing) and were classified into 3 majors groups, nanoflagel-cence microscopy. Picophytoplankton-treated samples were
lates, dinoflagellates and diatoms, which were separated intoounted by flow cytometry as described in Lasternas et
pennate and centric. al. (2010). The percentage of dead cells was calculated as the
Autotrophic picoplankton abundance was assessed usintatio between the concentration of dead cells (total concen-
flow cytometry as described in Lasternas et al. (2010). Attration minus concentrations after applying the CDA, living
each station, duplicated 2 mL fresh samples from 5 depthgells) and total population abundance, which includes both
were counted on board (duplicated counts) using a FACSCalliving and dead cells (Agusand $inchez, 2002).
ibur flow cytometer (Beckton Dickins@). The red (FL3, Primary production was assessed by € technique
bandpass filter 670 nm), green (FL1 bandpass filter 530 nmjSteeman-Nielsen, 1952). Seawater initially sampled at
and orange (FL2, bandpass filter 585 nm) fluorescence, anl depths, including the surface (5m), two intermediate
forward- and side-scattering signals of the cells and beadslepths, the DCM and an ultimate depth below the DCM, was
were used to detect picoplanktonic populationsSyne-  delivered into transparent (light) and black masking tape-
chococcus Prochlorococcusand eukaryotes (Marie et al., covered polycarbonate bottles (150 mL), and inoculated with
2005). 80 UCi activity of a NaH*COs working solution. Depending
The proportion of dead cells in the autotrophic communi- on sea conditions, the incubations were deployed in a moor-
ties examined was quantified by applying a cell membranedng buoy system and incubated in situ for 3 h at the same time
permeability test, the cell digestion assay (CDA; Agastd  of the day (from 12:00 to 16:00 LT), always including noon.
Sanchez, 2002). The CDA involves the exposure of phyto-Short-time incubations were used to minimize the contribu-
plankton cells to an enzymatic cocktail (DNAse and Trypsin) tion of trophic-related processes to DOC production (&or
that enters the cytoplasm and digests cells with compromisednd Estrada, 2002). For some of the stations, however, the de-
membranes, the dead or dying cells, which are removed fronployment of the buoy was not possible and incubations, lim-
the sample. The cells remaining in the samples after the CDAted to 2 depths (surface and DCM), were performed on deck
are the living cells, those with intact membranes, which werefor 3 h, using incubators at controlled temperature and ad-
then counted by flow cytometry or epifluorescence micro-justing the incident natural irradiance to that received in situ
scope, as described above (cf. Agumtd Snchez, 2002). using neutral density screens. For each sample, two aliquots
The CDA was applied to the concentrates of nano- and mi-of 5mL (replicates) were introduced in scintillation vials
crophytoplankton cells prepared to quantify total cell abun-(20 mL) for the determination of total labeled organic carbon
dance and to fresh samples of picophytoplankton cells fromproduction (TPP); the sum &fC was incorporated into POC
the 5 same depths selected to estimate total picophytoplankparticulate organic carbon) and released as DOC (dissolved
ton abundance at each station. organic carbon). After incubating over 24 h with scintilla-
The cell digestion assay was applied to duplicate aliquotgion cocktail (Packard Ultima Gold XR), disintegrations per
by adding first a DNAse | solution (400 ugmt in HBSS minute from TPP and PPP vials were counted with a scintil-
(Hanks’ Balanced Salts)) and, after 15min incubation atlation counter (EG&G/Wallac). Thegdc by phytoplankton
35°C in a digital dry bath, adding trypsin solution (1% in was calculated as the difference between total and particulate
HBSS). The treated samples were incubated for a furtheprimary production, while the percentage of the extracellular

Biogeosciences, 10, 2129143 2013 www.biogeosciences.net/10/2129/2013/
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sp., andl'halassiosirasp.) as described by Aglisind Duarte
(2002). To avoid overestimation of the phytoplankton lysis
rates in most oligotrophic waters where picophytoplankton
dominated phytoplankton biomass, the PEA/ghatio ap-
plied was 374 101.27 (Meant SE) nanoMol fluoresceine
h~Ymg! chl a, derived from the PEA of picophytoplank-
tonic cultures Prochlorococcus marinaSynechococcusp.
(strain #1) Synechococcusp. (strain #2), and;hlorella ma-
rina).

At each station, the abundance and the proportion of living
heterotrophic bacteria were quantified in samples collected at
5 depths. As performed in Lasternas et al. (2010), the nucleic
acid double staining (NADS) protocol (Gregori et al., 2001),
involving the use of two nucleic acid fluorescent dyes, SYBR
Green | (SG1; Molecular Probes) and propidium iodide (PI;
Sigma Chemical Co.), was used. Bacterial membranes are
permeable to SG1, whatever the cell viability, resulting in
green fluorescence when stained. However, living or viable
cells with intact plasmic membranes are impermeable to PI.
Thus, only compromised or damaged cells are stained with PI
(Barbesti et al., 2000), showing red fluorescence as described
in Falcioni et al. (2008). Bivariate plots of green versus red

. S

fluorescence (FL1 vs. FL3) on cytometer allowed discrimi-

nating live (green fluorescent, impermeable to PI) from dead
cells (red fluorescent membrane-compromised cells, stained
Fig. 3. Vertical sections from XBT transects showing the signals of by Pl and SG1). Total heterotrophic bacterial abundance, in
anticyclonic eddies AE1 and AE2. Left panels, temperata@) (  cellsmL~1, was calculated as the sum of red and green fluo-
section for(a) AE1 and(c) for AE2. Right panels, temperature rescent cell abundance, while living bacterial cell abundance

anomaly {C) sections folb) AE1 and(d) AE2. Grey arrow inthe  was determined from the green fluorescent cell counts.
top axes indicates the location of the eddy center signal.

internal Graphik ist zu klein zu lesen, bitte groesser machen.

500 500 12 W
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100

Distance (km) Distance (km) Distance (km)

2.3 Data analysis

Spearman’s rank coefficientsY were used to determine the

production released by phytoplankton (PER) was calculategorrelation between variables that departed from normality
as (Roc/TPP)x 100. (Siegel and Castellan, 1988). Statistical significance of the

Phytoplankton cell lysis rates were estimated using the dis_d|ffefences between average values was tested using Stu-
solved esterase method as described in Agisil. (1998).  dent's test, with a criticalp value of 0.05.
Dissolved esterase activity (as fluorescein diacetate (FDA)
hydrolysis) was measured in 3 replicates at 5 depths fromy  pagyits
the surface to the DCM. In short after sampling, 5 mL of wa-
ter were filtered through 0.2 um Millipore Millex filters, and 3.1 Hydrophysical eddy structures
50 L of EDTA and 50 pL of FDA (Sigma Co.) were added
to the samples (to a final concentration of 0.02 and 0.2 mM,Three contrasting zones were characterized during the cruise,
respectively) and mixed in a vortex mixer. After incubating the cyclonic and anticyclonic oceanic eddy (CE and AE)
the samples for an hour at 2@, the fluorescence emission fields located at the lee of the Canary Islands and the far-field
was immediately measured in a Shimadzu RF-5000 speceff the archipelago. Far-field stations were away from the in-
trofluorometer at 451 nm and 510 nm excitation and emis-fluence of the islands, so probably undisturbed by any eddy
sion (10 nm bandwidth) wavelengths, respectively. The par{Fig. 1). The depth of the eddies sampled, obtained from
ticulate esterase activity (PEA), needed to estimate the lysishe temperature anomaly sections (Figs. 2 and 3), ranged
rate, was calculated from the measured ltoncentration  between 300 for AE2 and greater than 500 m for CE1 (Ta-
using a ratio of PEA to cht of 224.5+ 83.18 (Meant SE) ble 1). Cyclones of La Palma (CE2) and Gran Canaria (CE1)
nanoMol fluoresceine i mg~1 chl 4, derived from the par-  were close to the southwest flank of these islands (Fig. 1) and
ticulate esterase of phytoplankton culturBsochlorococcus  were sampled at their early life stage (spin-up stage), hav-
marina, Synechococcusp. (strain #1)Synechococcusp. ing a radius of about 25km and about 35km, respectively.
(strain #2),Chlorella marina, Phaeocystisp., Heterocapsa Their signal on the SST was observed approximately 5 days

www.biogeosciences.net/10/2129/2013/ Biogeosciences, 10, 212R-2013
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Fig. 4. Five-day-averaged wind cufd), (b) and instantaneous wind field from the onboard meteorological st@jon

(CE2) and 7 days (CEL1) before the sampling, indicating that Anticyclones deepened the isotherms, introducing positive
they are at least one week older. Anticyclone AE1, proba-anomalies in the temperature field (Fig. 3b and d). As in the
bly generated by the island of Tenerife but located far fromcase of cyclones, the maxima of the temperature anomaly
this island at the time of sampling and hence relatively older,helped us to locate the eddy center. The eddy center of AE1
presented the larger observed radius of about 65 km. We mawas well defined by these maxima, which was then selected
give an estimate of the eddy age considering that previous obfor biogeochemical sampling for AE1 (Fig. 3b). The verti-
servations (Sangret al., 2005) indicate a spin-up time (half cal section crossing AE2 does not show a well-defined eddy
of the Strouhal frequency) of one week and once detached aenter; however, temperature anomalies (Fig. 3d) suggested
mean advection velocity of ca. 4 kmddly If originated by  that sampling was not far from the eddy center (Table 1). The
Tenerife this will result in an age of ca. 4 weeks. The Gran20°C isotherm deepened 50 m from the eddy periphery to the
Canaria anticyclone, AE2, with a smaller radius of aboutcenterin the case of AE1 and 40 m in the case of AE2. In the
50 km, was located close to the island of origin and thereforecase of the Canary anticyclones, it has been observed that the
was younger than AE1, being at its early stage of generatiomutricline deepens accompanying the isopycnal/isotherms.
(spin-up stage) and having an estimated age from its SST Mean wind curl obtained from CCMP climatology showed
signal of at least of 7 days. The cyclones’ signatures werehat cyclonic/anticyclonic wind curl cells affected the sam-
apparent on the temperature sections through the doming gfled eddies (Fig. 4a and b). According to this, instantaneous
the isotherms introducing negative temperature anomalies imvind data recorded along the eddy transects showed also the
the water column (Fig. 2). The maxima of the temperatureoccurrence of strong wind shears/wind curls (Fig. 4c). CCMP
anomaly helped us locate the center of the eddies, which wadata were five day averages and must be taken with some
then selected for biogeochemical sampling (stations CEl€aution because their resolution (O?Rerely resolved the
CE2 in Fig. 2). Negative temperature anomalies introducedwind curl cells. Therefore, a certain divergence may be ex-
by these cyclones were rather large, being approximatelypected when comparing the location of the maximum in-
4°C (Table 1) at 50 m depth. The base of the seasonal therstantaneous wind shear/curl from ship observations and from
mocline was marked by the 2€ isotherm (Fig. 2a and ¢), CCMP as in the case for La Palma.
and its depth just outside the eddies was around 100 m shoal- Figure 4 shows a strong wind shear along CE2 (Fig. 4c)
ing at the eddy centers until 30 m for CE1 and 50 m for CE2.related with the relatively strong cyclonic wind curl cell of
La Palma (Fig. 4a and b). The maximum cyclonic wind
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Table 2. Average+SE and range of variability of nutrients concentration, temperature, chloraphyfimary production (total and partic-
ulate) and lysis rates observed in the water column of the cyclonic and anticyclonic eddies and far-field stations studied. Average values for
systems connected by different letters (a, b) are significantly diffepeatd.05).

Variable Anticyclonic eddies  Cyclonic eddies Far-fields

DIP (uM) 0.05+ 0.0 0.29+0.0%  0.001+0.00°
(0.001-0.25) (0.08-0.36)  (0.001-0.001)

Silicate (uM) 0.44+0.04 0.69+0.12 0.69+0.03
(0.23-0.58) (0.21-1.27) (0.55-0.83)

DIN (uM) 0.26+0.12 1.21+£0.472  0.14+0.09
(0.04-0.85) (0.08-3.97) (0.06-0.49)

Ammonium (M) 1.26+0.212 0.28+0.04 0.72+0.1%
(0.36-2.18) (0.18-0.41) (0.09-1.33)

Temperature“C) 22.4+ 0.5 19.84+0.8° 21.9+0.8
(19.6-24.0) (17.3-23.1) (18.5-24.8)

Chlorophylla 0.26+0.08 0.52+0.13  0.25+0.08
(mg chla m—3) (0.07-0.49) (0.13-1.38) (0.11-0.72)

Total Primary Production 0.3320.002  0.142+0.00% 0.135+0.00F
(mg Cnr3h~1) (0.15-0.49) (0.04-0.26) (0.08-0.23)

Particulate Primary Production 0.180.007  0.062+0.028 0.042+0.004
(mgCnr3h-1) (0.01-0.31) (0.01-0.14) (0.03-0.05)

Lvsis rates (41 0.86+0.2F  0.47+0.08%°  0.42+0.08°
ysis rates (d%) (0.31-2.75) (0.15-0.84)  (0.11-0.66)

shear/curl was located near the eddy center (Fig. 4c). A closstations than those at FF and CE stations. Water temperature
inspection of Fig. 2d showed a surface outcropping of thosen the CEs was lower on average (Studentiest, p < 0.05;
isotherms located at the base of the mixed layer, probablyTable 2) than that in the other systems. FF presented a wider
corresponding to water upwelling at the eddy center by thegradient of temperature but did not differ significantly from
upward Ekman pumping vertical velocity linked with the cy- AE stations (Table 2).

clonic wind curl cell. Although there were no reliable ship-  Chlorophyll a concentrations presented similar vertical
board wind observations for eddy CE1, Fig. 4a and b showprofiles among the two CEs and the two AEs (Fig. 5). Av-
a small cyclonic wind curl cell at the eddy location. There- eraged chlorophylk by eddies (CE vs. AE) displayed sig-
fore, as in the case of eddy CE2, we encountered favorablaificantly higher concentration in cyclonic than in anticy-
conditions for upwelling (upward Ekman velocity), as re- clonic systems (Table 2), but were similar in the AEs and
lated to the divergence of the Ekman transport. For the cas&Fs. The DCM was significantly shallower (43:6.6 m)

of eddies AE1 and AE2, averaged CCMP data showed at CE (Student’s test, p < 0.05) than at AE (75.51.2m)
strong wind curl anticyclonic cell at the eddies’ locations and FF stations (7& 1.3 m). The chlorophylla concen-
(Fig. 4a and b). Instantaneous ship observations indicatettation was positively related to the total phytoplankton
that maximum wind shears/curl were located near the edbiomass, as biovolumerd= 0.36, p <0.05, df=12), in
dies’ centers (Fig. 4c). The occurrence of a strong anticy-the study. In the AEs, chlorophylk was positively re-
clonic wind curl/shear indicated that favorable conditions for lated to picophytoplankton biovolumes& 0.63, p < 0.05,
downwelling (downward Ekman pumping velocity) related df =12), while in the cyclonic eddies it was associated
to the convergence of the Ekman transport were present.  with microphytoplankton biovolume. The picophytoplank-
ton fraction dominated autotroph communities during the
study, showing the higher abundances in the AEs (Fig. 6a).
There were no significant differences in the abundance of
picophytoplankton groups within the two CEs and the two
AEs (Student’s test, p < 0.05). Prochlorococcussp. dom-
inated and was significantly more abundant in the AEs
(2.240.4x 10° cellsmL~1). Synechococcusp. presented
Faximum values in the CEs (6471.9 x 10° cells mL™1), al-
though the average abundance did not differ significantly be-
tween zones. Picoeukaryotes showed contrasting abundance

3.2 Biogeochemical characteristics/properties

Nutrient concentrations were significantly higher at cyclonic
than at anticyclonic eddies (Student'sest, p < 0.05; Ta-

ble 2). Silicate concentration at FF stations was similar to
that at CE and higher than that at AE stations. Concentration
of other nutrient species were significantly lower at FF than
at CE stations (Table 2). DIN concentrations were similar at
AE and FF stations, while DIP concentrations were very low
at FF stations. Ammonium concentrations were higher at AE
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. e ferences between zones (Table 2; Studenest, p < 0.05),
we observe higher total primary production (particulate
8 plus dissolved) in the AEs (Table 2). This was mostly due
to the high production of dissolved organic carbon at this
zone. Indeed, fbc presented significantly higher rates in
the AEs and subsequently higher PER (the percentage of
TPP excreted asgdc), than at the others areas (Table 2).
The percentage of extracellular release by phytoplank-
ton averaged 69%£6.5% and ranged from 31 to 98 %
throughout the study, with higher averages found in the AEs
(70.3£7.7%). Moreover, phytoplankton cell lysis rates
reached also maximum rates in the AEs (Table 2), while
we observed similar lower values at CE and FF stations.
The high lysis rates measured in the AEs (Table 2) were
consistent with the high percentage of dead nano- and mi-
160 L | | crophytoplankton cellsr{=0.76, p < 0.05) at these waters
0 02 04 06 08 1 12 14 where we observed also the highegb by phytoplankton
at these stations (Table 2), as indicated by the significant
positive relationship betweenpBc concentration and lysis
Fig. 5. Chlorophylla depth profiles at the two anticyclonic eddies rates ®%=0.76, p <0.0005; Fig. 8). Moreover, we also
(AE1 and AE2) and at the two cyclonic eddies (CE1 and CE2).  found a moderate but significant relationship between PER
and lysis rates (PER vs log lysi®t?=0.38, p <0.03),
which also supported a higher excretion @2 associated
distributions, with higher averaged abundance at CE than atvith high lysis rates. HB abundance (Fig. 9a) was positively
the AE and FF stations. related to Boc variation ¢s=0.65, p <0.05) and was
The microphytoplankton fraction displayed a contrasting significantly higher at AE and lower at the FF stations
pattern with that observed for picophytoplankton. Averaged(Fig. 9a). Moreover, HB abundance was significantly asso-
microphytoplankton abundances were low at FF stationsciated with NH4 concentration throughout the study=
increasing at AE and significantly higher at CE stations0.59, p =0.0069), and we observed a positive relationship
(Fig. 6b). Nanoflagellates followed a similar trend (Table 3). between the percentage of living bacterial cells andsNH
Diatom abundances were significantly higher in the CE zoneconcentration at AE station®f = 0.96, p < 0.005, df=5).
than in the other two systems (Table 3), while dinoflagel- Bacterial viability, however, presented similar averages of
lates presented similar abundances between the AE and Fo LC between anticyclonic and cyclonic eddies and was
stations (Table 3). We also observed contrasting vertical dishigher at FF stations (Fig. 9b). Moreover, HB viability was
tribution between diatoms and nanoflagellates, with diatomsositively related to the percent of de&g¢nechococcusp.
(mostly centric) prevailing at the surface in the AEs and atcells (R?=0.53,p < 0.001, df= 22).
DCM layers in the CEs, while nanoflagellates presented an
opposite distribution.
Diatoms showed higher averaged % DC in the AEs, and4 Discussion
lowest in the cyclonic eddies (Fig. 7b), with nano- and mi-
crophytoplankton cells showing a higher proportion of deadIt has been suggested that the counter-paired cyclonic and an-
cells in the AEs and low percentages of dead cells in theticyclonic eddies generated by the Canary Current and trade
CEs (Fig. 7a). The percent of dead picophytoplankton cellswind perturbation by the Canary Islands influence biological
ranged broadly, from 16 to 62.3% of dead cells amongprocesses in the NE Atlantic region (&tegui et al., 1997;
communities in the study, and showed also differences beAristegui and Montero, 2005; Goalez-Cavila et al., 2006;
tween the eddy systems studied, being significantly higheiSanga et al., 2009). Our study aimed to comprehend the
inside the anticyclonic eddy systems (Fig. 7Eyochloro- influence of anticyclonic/cyclonic eddies on biological pro-
coccussp. presented the lowest percentage of dead cells atesses including the cell physiological responses to the envi-
the FF stations (422 3.4 % DC), whileSynechococcusp. ronmental changes associated with the anticyclonic/cyclonic
and picoeukaryotes displayed the lowest % DC values in theeddies that may influence the path of the carbon photosynthe-
CE system (17.9-6.8% DC and 25.8-6.1% DC, respec- sized by phytoplankton in the system. Our results indicated

—e— AE2
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Chlorophyll a (mg Chl a.mg™)

tively). that the differences in environmental conditions (especially
While  particulate  primary  production  (PPP) nutrient availability) associated with the upward/downward
rates presented low variation (averaging forcing of these anticyclonic/cyclonic eddies influenced phy-

0.062+0.024mgCmeh1), with no significant dif- toplankton cell physiology and generated differences in cell
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Table 3. Abundance of the microphytoplankton groups (average +SE, from the surface and DCM) in the cyclonic and anticyclonic eddies
(CE and AEs, respectively) and far-field stations studied. Average values for systems connected by different letters (a, b) are significantly
different (p < 0.05).

Average+SE (cells 1)

Anticyclonic eddies Cyclonic eddies Far-fields
Surface
DCM
Nano- and microphytoplankton 330.1x103P  6.4+1.2x1032 1.54+0.3x 103P
Surface 3.3:0.2x 103 6.54+2.8x 103 1.34+0.3x 103
DCM 3.240.1x 103 6.3+ 1.1x 103 1.64+0.7x 103
Nanoflagellates 1405x1032P  23+06x1032 6.6+0.2x 102 P
Surface 2.6:0.8x 103 1.540.7x 103 5.942.3x 102
DCM 1.240.7x 103 3.1+0.7x 103 7.34+2.6x 102
Diatoms 6.4-1.8x107&P  13405x1032  1.84+0.4x 102P
Surface 4.2-2.6x 102 1.840.8x 103 1.540.02x 107
DCM 8.1+2.3x 10% 7.54+2.6x 107 2.24+0.9x 102
Dinoflagellates 2.603x107P  7.6+1.1x10P2  2.2+0.6x 10%P
Surface 1.9-0.6x 10% 6.6+ 2.4x 107 2.14+0.5x 102
DCM 2.14+0.4x 10% 8.54+0.5x 10% 2.44+1.4% 102
total picophytoplankton abundance total nano-microphytoplankton abundance
410° 110*
a b
) 810°
310°
B - 610°
E 210° %
8 8 410°
110° )
210°
0 0
AE CE FF AE CE FF

Fig. 6. Distribution of the total pico{a) and nano- and microphytoplankt@m) within AE, CE and FF stations. Boxes show the lower and
upper quartiles, median, minimum and maximum values.

stress and death that forced the carbon dynamics by increag001). The increase in nutrients observed at the center of cy-
ing the excretion of primary production as DOC in the AE clonic eddies and the corresponding enhancement of phyto-
systems. Our analysis of phytoplankton cell death processeglankton abundance detected (as in Rgaez et al., 2003)
within the eddy systems revealed important differences, within the center of these mesoscale features may be attributed
phytoplankton populations experiencing higher cell mortal-to both the shoaling of the nutricline and to an upward di-
ity and cell lysis at the anticyclonic eddies. apycnal flow (upwelling). The cyclonic wind curl/shear cell
that interacts with CEs may cause a divergence of the Ek-
man transport that leads to an upward Ekman pumping veloc-
ity (Jiménez et al., 2008) and hence to favorable upwelling
Cyclonic features described during our study supportedconditions. At this spin-up stage not only a shoaling of the
higher phytoplankton biomass as they enhanced nutrient inisotherms may be expected at the eddy center but also an
puts to the surface, resulting in increased nutrient concentradplifting of said isotherms that may originate upwelling. En-
tions and higher chlorophyll concentrations than reported hancement of chlorophylt has been recurrently observed
for other cyclonic systems (McGillicuddy et al., 1998; Os- at the western flanks of the Canary Island in color satellite
chlies and Gargon, 1998; Siegel et al., 1999; Tarran et al.,

4.1 Cyclonic eddies
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Fig. 8. The relationship found between dissolved organic car-
bon production by phytoplankton and lysis rateBZ(:O.76,
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(full squares) stations.
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images coinciding with the strong wind curl cells occurring
at the generation of CEs (Saaggt al., 2009).

Besides the enhancement of phytoplankton biomass in the
CEs, the results presented here provide evidence that eddies’
features also control the community structure and cell sta-
tus of phytoplankton, as indicated by a significant increase
in nano- and microphytoplankton abundance at CE waters,
especially diatoms, and a decline in the abundance of pi-
cophytoplankton. At the cyclonic eddies, the higher diatom
abundance and similar availability of Si in comparison with
the far-field stations suggest that phytoplankton has already
used the nutrient. The low cell mortality (lower % of dead
cells) of diatoms in CE systems suggested that they are prob-
ably not yet in a post-bloom phase, although phytoplankton
lysis rates were similar to those shown at FF stations, most
probably due to the higher cell death in the CEs of picophy-
toplankton, which showed a higher proportion of dying cells.
Rodiiguez et al. (2003) observed that upward velocities favor
the growth of large phytoplankton cells. Here in our study,
we found a higher microphytoplankton proportion of living
cells and lower lysis rates at the upward conditions in the
cyclonic stations in agreement with more-favorable condi-
tions to increase the proportion of larger phytoplankton cells.
Therefore the significant increase in diatoms we observed
in the CEs is likely to be related with upward velocity and
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S. Lasternas et al.: Forcing of dissolved organic carbon release by phytoplankton 2139
1.210° 100

80
910°
60
610°
40

310°
20

Heterotrop hic Bacdteria ab undance (cell mt)
Heterotrophic living Bacteria (% HLB)

b b a
AE CE FF AE CE FF

Fig. 9. Distribution of (a) the abundance ang) viability (percentage of living cells) of the heterotrophic bacteria within AE, CE and FF
stations. Boxes show the lower and upper quartiles, median, minimum and maximum values, and outliers (open circles). Boxes connected by
same letter are not significantly different & 0.05).

upwelling dynamics at the center of those structures. Vail-ble abundances to CE stations. Indeed, although we reported
lancourt et al. (2003) also observed an increase of microphyhere higher nano- and microphytoplankton biomass at AE
toplankton at a cyclonic eddy attached to the northwesterrthan FF stations, the percentage of dead cells was higher at
flank of the island of Hawaii, similar to our observations. the anticyclonic eddies and indicative of senescence of the
Jia et al. (2011) recently reported the occurrence of a strongopulations induced by the downwelling processes in the
cyclonic wind curl cell, associated with favorable upwelling AEs studied. The high variability of the nano- and microphy-
conditions at the Hawaiian Islands. The favorable conditionstoplankton mortality values in the water column observed in
for the development of a phytoplankton community domi- the AEs illustrates the system alteration affecting the phyto-
nated by large phytoplankton cells in cyclonic eddies mayplankton communities that are in transit from a dominance
enhance the primary production efficiency with potentially of nano- and microphytoplankton to that of picophytoplank-
larger carbon sequestration associated with these structuregon community, as indicated by the high fraction of dead di-
atom cells in the community. Diatoms have high nutrient re-
quirements and are strongly impacted by nutrient depletion,

. . . __particularly that of silicate (Martinéequel et al., 2000), a

In c_ont_rgst_to cy_clomc .edd'GS’ we obseryed lower num_emnutrient that clearly decreased in the AE compared to the
availability in anticyclonic eddies related with the deepenlngCE and FF stations. Dinoflagellates, which typically thrive

of the nutricline and with a downward diapycnal “C?W- In- .in stratified water conditions (Smayda and Reynolds, 2001),
deed, our results documented the occurrence of ant'cydon'ﬁresented high mortality in the AEs-(70 % of dead cells)
wind cqu/sh;a}r reglonsl p;\(;t(l))é.rlzefpdor:gble f(l)r ;gggeqd'ﬁsyfurther suggesting that the strongly oligotrophic conditions
%eneratlggd( ngne_zdet. ? o ,d \ede eudeltzi N )m_t etogether with downwelling and active mixing conditions in
anary y Lorndor, favoring downwar man pumping yyis zone offer conditions unsuitable for microphytoplank-
veIo_cmes (Jlnen(_az etal., 200.8) and downward fluxes (down- ton. The picophytoplankton component showed lower cell
nghpg) as previously descr 't,’ed (Basterretxe:?\ etal, 2002)mortality than nanomicroplankton but was also affected, as
Originally located at the vicinity of the productive Gran Ca- the proportion of dead cells was higher at AE stations than at

naria current, anticyclonic eddies sampled in this study were . ¢o 4 stations, which represent a likely “stable” environ-

at their early stage charact_erlzed by pz_irt|cularly active downfment for picophytoplankton groups where ecological niches
ward processes, progressively depleting the system of nutri

d inf ina biological h | are well defined (Agu§t2004). The stressful conditions for
ents Iar:j 'g ut:]ncm% ological processes ?t;.l.e querfayéutotrophs were reflected in high lysis rates at AE stations.
ers. Indeed, t € re uct|o_n n nutrlen_t avallability may fa- p e igys studies have presented similar lysis rates in the area
vor the predo_mlnanc_q of picoplanktonic forms bette_r adapte Agust et al., 2001), likely associated with oligotrophic con-

to oligotrophic conditions (Platt et al., 1983; Agawin et al., ditions, but the eddy systems generated variation in those

2000; Lasternas et al., 2010), as reflected in the dominancpates as well. In our study, at the AE waters we observed
of Prochlorococcusp. The AE stations also presented higherh-gher cell mortality and Iy,sis rates than those observed at
bacterial abundance, as reported in parallel studies conductet e FF and CE stations, resulting in higher values of DOC
at the same region (Baltar et al., 2010; Boras et al., 2010). production. Also, the significant relationship between PER

T_he_setting-up (.)f anticyclon_ic eddies altered the systemy, g lysis rates observed indicated a significant proportion
as indicated by higher mortality of the nano- and micro-

of the excreted to be the result of phytoplankton cell
phytoplankton population at surface layers, despite compara- Fboc phytop

4.2 Anticyclonic eddies
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death. However, lysis explained less than 40 % of the vari-4.3 Phytoplankton dissolved organic carbon production
ability in PER, implying that other processes such as cell within the eddy systems and the anticyclonic
carbon exudation, reported to increase during nutrient lim- forcing
itation (e.g. Bratbak and Thingstad, 1985) were also respon-
sible for the Boc observed. Even though we were not able to The results presented provide evidence that the anticyclonic
analyze whether other processes as cell exudation may be irsystem studied generated environmental perturbations stress-
volved in the DOC production by phytoplankton, we stresseding phytoplankton communities in the early stages of anticy-
that Ryoc was significantly related to cell lysis rates, indicat- clone eddy development in the Canary Current region. While
ing an active participation of cell mortality processes in the phytoplankton production and biomass were higher in both
DOC production by phytoplankton. cyclonic and anticyclonic eddies than at waters outside the
A high release of dissolved organic carbon produced byeddies (FF), biological processes were highly modified by
the senescent phytoplankton population found in anticy-downstream dynamics in the AEs affecting the pathway of
clonic eddies explains the higher abundance of heterotrophithe dissolved organic carbon produced by the phytoplankton
bacteria in the AEs, consistent with the role of DOC as acommunity.
substrate for heterotrophic bacteria growth (Kirchman et al., The anticyclonic eddies studied here could be defined as
1991; Norrman et al., 1995; Carlson and Ducklow, 1996;transient systems between moderately productive waters and
Kirchman and Rich, 1997). Despite that, Baltar et al. (2010)oligotrophic waters that prevail at the FF stations at this zone
studied the bacterial dynamics in the same eddy systems butf the NE Atlantic. During its formation, anticyclonic eddies
including deeper layers down to 1000 m depth and foundare fed by productive waters generated at the Canary Cur-
prokaryotic activity being significantly lower in the AEs. We rent, which can support higher production and biomass than
also found unexpectedly lower HB cell viability in AEs de- the common NE Atlantic oligotrophic waters (Barton et al.,
spite higher Boc suggesting that bacteria are also affected 1998; Sangx et al., 2007). However, active downwelling in
by environmental changes at AE. Limitation by inorganic nu- the AEs deprive the system of nutrients, resulting in a pro-
trients such as phosphorus could influence the viability ofgressive oligotrophication of the eddies that entailed, in our
HB (Lasternas et al., 2010). Indeed, nutrient supply has beestudy, the predominance of smaller phytoplanktonic cells and
shown to explain variability in bacterial activity in the At- senescent populations of large photosynthetic cells.
lantic Ocean (Gasol et al., 2009), and the negative relation- Here, we showed that the perturbations that occurred at
ship between the % DC @ynechococcusp. and the % LC  the early-stage anticyclonic eddies shed by the Canary Is-
of HB found here may indicate competition for phospho- lands, mainly active downwelling, result in increased phy-
rus in the anticyclonic eddy systems (Zubkov et al., 2007;toplankton cell mortality, particularly affecting diatoms and
Lasternas et al., 2010). Flagellates and dinoflagellates magther larger phytoplankton cells that influence carbon flux
also be limited by DIP in AEs, as observed in systems with(Kirchman et al., 1991; Aguset al., 1998). The reduction
low DIP availability (Thingstad et al., 1998; Lasternas et al., of the large, rapidly sinking phytoplankton and active actors
2010). Lasternas et al. (2010) found in the Mediterranean Sem the long-term sequestration of atmospheric,0® the
(a system limited by DIP) that the percentage of living cells ocean interior (Smetacek, 1985, 1999; Martin et al., 2011),
of dinoflagellates, heterotrophic bacteria &yhechococcus such as diatom populations along with the increasing pico-
sp. was strongly related to DIP, and competition for this nu-phytoplankton, should weaken the biological pump capacity
trient was important in structuring the phytoplankton com- of AEs (Michaels and Silver, 1988; Legendre and levfe,
munity composition. Moreover, the low values of DIP in FF 1995). Moreover, the increased phytoplankton cell mortality
stations indicated that this nutrient must have been limitingand lysis observed here strongly induced a largedtelease
phytoplankton biomass in that area. We found a significantn the middle of the AEs, which ought to favor the microbial
positive relationship between bacterial cell viability and the loop (Pomeroy, 1974; Azam et al., 1983; Legendre and Le
ammonium concentration, indicating that ammonium, which Févre, 1995).
stimulates bacterial activity and growth efficiency (Bratbak, Although the consequences of the CE for the carbon fluxes
1987; Kroer et al., 1993), could be another important nutrienthave been well documented, those of anticyclonic systems
controlling bacteria in the eddy systems. Moreover, the sigremain more erratic. While the reduction of phytoplankton
nificantly higher ammonium concentration found in the AEs production and biomass in AE systems has been reported in
indicated intense recycling processes resulting in a larger rethe past (Falkowski et al., 1991; McGillicuddy et al., 1998),
generated production than at FF or CE stations, which is insome AE systems have been recently described as being able
accordance with the highest pressure on bacteria by protist® enhance phytoplankton biomass under certain conditions
observed in the AEs by Boras et al. (2010). (McGillicuddy et al., 2007; Sangret al., 2009). Here, we
report no differences in phytoplankton production between
AE and CE systems in the Canary eddy field. However,
the oligotrophication process observed in anticyclonic eddies
was linked to a shift towards picoautotrophs, the aging and
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senescence of the microphytoplankton cells, with an overAristegui, J., Tett, P., Heamdez-Guerra, A., Basterretxea, G., Mon-
all increase in lysis rates, and an increase in the release tero, M. F., Wild, K., Sandx, P., Herandez-Leon, S., Canton,

of dissolved organic carbon compared to cyclonic eddies. M., Garda-Braun, J. A., Pacheco, M., and Barton, E. D.: The
These results highlight the importance of examining the con- influence of island-generated eddies on chlorophyll distribution:
sequences of eddy dynamics on phytoplankton cell status, a study of mesosca_lle variation around Gran Canaria, Deep Sea
which can affect phytoplankton communities and the par- ,Res' ".44’ 71_9@'0"10'1016/80967'0637(96)q0093m97'

. . . Aristegui, J., Barton, E., Montero, M., GaéaeMuioz, M., and
titioning of carbon flow between particulate and dissolved

. f bon I Esdnez, J.: Organic carbon distribution and water column res-
pathways, with fundamental consequences for carbon flow piration in the NW Africa-Canaries Coastal Transition Zone,

in the ocean. Aquat. Microb. Ecol., 33, 289-301doi:10.3354/ame033289
2003.
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