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ABSTRACT: The Canary Current (CC) is characterised by strong disruption of its flow by the 
Canaries Archipelago, which extends across the prevailing flow, In the Coastal Transition Zone 
(CTZ) downstream of the islands, a region of high mesoscale activity connects the eutrophic waters 
of the NW Africa coastal upwelling (UW) system with the oligotrophic open ocean waters of the 
eastern subtropical North Atlantic gyre (ESNA). We studied the distnbution of particulate (POC) and 
dissolved organic carbon (DOC) and carbon rernineralization rates in the O to 1000 m water column 
of this transitional region to assess its role in horizontal and vertical export of organic matter. The 
epipelagic waters ( O  to 200 m) of the CTZ are charactensed by higher mean surface integrated 
concentrations of POC (0.8 I 0.4 m01 C m-*) and DOC (17 it 7 m01 C m-2), and by higher community 
respiration (R >lo0  mmol C d-') than the ESNA or UW waters, Integrated R was much lower (7 = 
3 mmol C m-' d-') in the mesopelagic zone (200 to 1000 m), indicating that most of the organic mat- 
ter was respired in the upper 200 m, with little being transported downwards. Nevertheless, peaks in 
DOC ancl R were observed at 300 to 600 m depth, coinciding with the depth of the deep scattering 
layer. These relative maxirna were particularly important in the case of DOC, reaching concentra- 
tions comparable to curface waters (>80 pM), In spite of this, DOC contributed only 26.5% to the 
apparent oxygen utilisation (AOU) in the mesopelagic zone. Correlations between R and particulate- 
and dissolved organic matter suggest that respiration was mainly supported by particulate material 
at surface and deep waters. We compared plankton metabolic balances along the UW, CTZ and 
ESNA, Our analyses show that during cummer time, and probably during most of the year, the ESNA 
and CTZ behave as net heterotrophic regions. In spite of a relatively high primary production (P) 
favoured by mesoscaie activity in the CTZ, plankton R clearly exceeds P as result of the excess carbon 
advected from the coastal UW. However, a significant amount of non-respired carbon must be trans- 
ported from the CTZ to the open ocean to account for part of the surface metabolic imbalance 
bctweer. P anU R reported for the I C W L  
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INTRODUCTION y ~ ' )  reqion presents high community respiration rates 
(R > 20 m01 C m-' yr-l) and an almost permanent meta- 

Recent studies on plankton metabolism in the bolic imbalance (P/R < l) in surface waters (Duarte et 
Canary Current (CC) region agree in showing that this al. 2001, González et al. 2001, Serret et al. 2001, 2002, 
relatively low primary productivity (P < 20 m01 C m-2 Robinson et al. 2002). Although the balance between P 
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and R may be biased by limitations in the coverage of 
the spatiai and temporal vanabiüty in the 2 metaboiic 
rates, particularly in P (Arístegui & Harrison 2002), a 
consistent metabolic deficit, like that observed in the 
subtropical NE Atlantic, can only be explained by a 
recurrent furnishing of organic material from more 
productive nearby ecosysterns (Duarte & Agustí 1998). 

The NW African upweliing (UW), as well as other 
coastal UW systems in eastern boundary currents 
(EBC), may export excess organic matter to the open 
ocean by means of both Ekman transport and offshore 
extensions of the coastai jet (the so called 'upwelling 
filaments'). Numerous filaments, associated with the 
presence of capes, are distnbuted along the NW 
Afncan coast. Because of their greater extension, the 
Cape Guir (30.5"N) and Cape Blanc (21°N) filaments 
are the most significant in terms of organic matter 
export (Gabric et al. 1993, Neuer et al. 2002), although 
the latter is more a consequence of the separation of 
the CC from the African coast, rather than a true 
coastal filameni. 

Another important source for production of organic 
matter and its potential export to the eastern subtropi- 
cal North Atlantic (ESNA) is the Canary Islands region. 
Unlike other EBCs, the CC is perturbed by the Canary 
Islands which are located normally to the prevaiiing 
oceanic and atmospheric flows, from near the African 
coast (13S0W) to the open ocean waters of the sub- 
tropical gyre (18"W) at 2B0N. Downstream of al1 the 
islands, cyclonic and anticyclonic eddies, generated 
year-round, are spun off following the path of the CC 
(Anstegui et al. 1994). The eddy field has been ob- 
served in temperature and chlorophyll a (chl a) satel- 
Lite images reaching as far as the equatorial region. 
Cyclonic eddies help increase the organic matter con- 
tent of the region by uplifting nutrient-nch waters in 
their cores, enhancing primary productivity (Anstegui 
et al. 1997, Barton et al. 1998, Basterretxea & Arístegui 
2000). Additionally, the eddy field may piay a key roie 
in the transfer of organic matter between the coast and 
the open ocean. Anticyclonic eddies may entrain water 
with high organic matter content, advected from 
upwelling filaments or cyclonic eddies (Anstegui et al. 
199?), being eventually transporteci to the open ocean 
by successive exchanges through the eddy field. This 
complex hydrographic region downstream of the 
islands, which connects the coastal UW with the open 
ocean waters of the subtropical gyre, is termed the 
Canaries-CTZ (coastal transition zone) region. 

To investigate the role of this CTZ in the remineral- 
ization and export of organic carbon, we sampled a 
section covering the eutrophic-oligotrophic productiv- 
ity gradient from the African coast to the open ocean, 
during the summer period of high mesoscale activity. 
The section intersected severa1 island eddies and an 

upwelling filament. We studied the horizontd and 
vertical distnbution of particulate (POC) and dissolved 
organic carbon (DOC) in the region as weli as &e W 
associated with the surface and deep water fluxes of 
organic matter, with the airn of assessing the poten-tial 
of this region as a pump of organic carbon offshore to 
the open ocean. 

MATERIALS AND METHODS 

Data sources. A zona1 section of 25 stations was 
sampled from the coastal waters of the NW African UW 
system (2?.6ON, 13.3OW) to the open ocean waters of 
the ESNA gyre (29.2ON, 18.g0W), during the FAX 
cruise (5 to 10 August 1999) on board the '810 Hes- 
pérides'. At each station, temperature, salinity and flu- 
orescence were recorded down to 1000 m by means of 
a SeaBird 9-1 1+ CTD system, mounted on a General 
Oceanics rosette sampler equipped with twenty-four 
12 1 Niskin bottles. Samples for chl a and POC were a 
collected at 7 depths, from surface to 200 m. Samples N 

- - 
for dissolved oxygen, DOC and rnicrobial respiratory m 

O 

electron transport system (ETS) activity were collected - - 
0 

at the same 7 depths and also at 8 additional depths m 

E 
down to 1000 m. 

O 

Dissolved oxygen and chl a. Dissolved oxygen was o 
analysed by Winkler titrations in accordance with the n 

JGOFS recommendations (UNESCO 1994), Oxygen E - 
a 

solubility was computed using the equations of Weiss l 

(1970). Apparent oxygen utilisation (AOU, v o l  n n 

n 

O2 kg-l) was caiculated by subtracting measured oxy- 
gen concentration from the oxygen solubiiity values at  3 

O 

saturation with respect to the atmosphere. 
Chl a was estimated fluorometrically by means of a 

Turner Designs bench fluorometer, previously cali- 
brated with pure chl a (Sigma), following the recom- 
mendations of Yentsch & Menzel (1963). Seawater 
sampies (500 mi) were Íiitered through wnaunan G F S  
fibre filters. Pigments were extracted on board in cold 
acetone for 24 h. For the final determination of chl a,  
the acetone extracts were acidified allowing chl a and 
phaeopigment to be independently estimated. Extrac- 
red cni a sampies were use6 io caiiardie ihe ~ ü i i ü y t .  
readings of the submersible fluorometer (Sea-Tech 
57s) Iinked to the CTD unit. 

POC and DOC. Samples (2 1) for POC were filtered 
through pre-combusted (45OoC, 12 h) 25 mm Whatman 
GF/F filters, The filters were wrapped in pre- 
combusted aluminium foil and frozen at -20°C until 
being processed a few weeks later. In the laboratory, 
Ehe filters were thawed and dned overnight at 65OC 
and packed in pre-combusted nickel sleeves. The 
carbon analyses were performed on a Perkin Elmer- 
2400 CHN elemental analyser (UNESCO 1994). 
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Water samples (10 ml) for the analysis of total R in the 200 to 1000 m layer (R,zoo) was calculated 
organic carbon (TOC) were dispensed directly from from the oxygen consumption rates, using a COI to 01 
the Niskin bottlea into pre-combusted \500°C, 12 hj molar respiratory quotient of 0.69 p-ledges et  al. 2D02). 
glass ampoules. The sarnples were irnmediately acidi- The oxygen consumption rate was obtained from ETS 
fied with 50 p1 of 50 % H3PO4, sealed, and stored at 2 to activity using an R to ETS conversion factor of 0.086 
4°C until analysed (Sharp & Peltzer 1993). TOC con- (Chnstensen et al. 1980, Packard et al. 1988). Accord- 
centrations were measured using a Shimadzu TOC- ing to Packard et al. (1988), the error associated with 
5000 analyser. At the beginning of each analysis run, R ,100 calculation from ETS activity is about 30 %. 
the sample was sparged with C02-free air for severa1 
minutes to remove the inorganic carbon. The sample 
was then injected (3 repiícates of 100 pl) into a quartz RESULTS 
tube with a platinum catalyst and then combusted at 
680°C. TOC concentrations were determined from Regional oceanographic setting 
standard curves (30 to 200 pM C) of potassium hydro- 
gen phthalate praduced every day (Tkomas et al. Ske waters af tke regianof stu&y were stmngly inRu- 
1995). TOC reference material prepared in the labora- enced by the presence of mesoscale structures. Up to 
tory of Jonathan H. Sharp (University of Delaware) was 14 cyclonic and anticyclonic eddies along with 4 up- 
analysed every day to check for the accuracy and weliing filaments were observed downstream of the 
precision of our instrument. We ob.tained an average islands in the CTZ between the NW African coast and 
concentration of 44.5 I 2.7 pM C (n = 31) for the deep the open ocean waters (E, D. Barton et al, unpubl,). Qur 
ocean reference (Sargasso Sea deep water, 2600 m) study section (Fig. 1) intersected 4 of these cyclonic 
and 0.21 i OS3 pM C (n = 31) for the blank reference eddies (C2, C3, C5 and C?), 1 anticyclonic eddy (Al) 
material, whose nominal values were 44.0 i 2.7 and and one of the upweliing filaments (Fl),  Particularly 
0.0 I 1.5 pM C, respectively. DOC was finaliy com- noticeable was the cyclonic/anticyclonic eddy pair 
puted by subtracting POC from TOC. (C5/A1) observed south of Tenenfe and Gomera 

ETS and R neasurements. Depending on depth, 5 to Islands, where isotherms and isohalines showed verti- 
20 1 of seawater were pre-filtered through a 200 p cal excursions in the frontal boundary between the 
mesh and poured into acid-cleaned plastic carboys, be- eddies of about 200 m. The influence of these eddies in 
fore being filtered through 47 mm Whatman GF/F fil- the temperature and salinity field was observed down 
ters, at a low vacuurn pressure (<1/3 atm). The filters to 800 m (Fig. 2). At the eastern side of the section, the 
were immediately stored in liquid nitrogen until being fiiament F1 wrapped around the cyclonic eddy C7, 
assayed in the laboratory within a few weeks. ETS de- most of the filarnent water was returned shoreward 
terminations were carned out accord- 
ing to the Kenner & Ahmed (1975) mod- 
ification of the tetrazolium reduction I I I I ,  I I 

technique proposed by Packard (1971) . 
as descnbed in Arístegui & Montero Canay k!ands 
(1995). An incubation time of 20 min at a Palma 

18°C was used. ETS activities measured -1 m Tenerife Fuerteventurqi 
at 18°C were converted to activities at C3 Gomera Gran Canana 
in sjtu temperatures by using the Ar- -8 
rhenius equation. A mean activation .z H i e r r ~  fl -a 

fa;;-; L 

energy of 16 kcal mole' was used 3 
(Arístegui & Montero 1995). 

Community R in the upper 200 m was 2 
estirnated from the respiratory ETS 
activity, using the general equation 
logR = 0.357 + 0.750 logETS (r2 = 0.75, n -1 9 -1 8 -17 -1 6 -1 5 -1 4 -13 
= 197) obtained by Arístegui & Montero 
(1995) for surface oceanic waters. This 

Longitude ("W) 

equation yields a mean error in the pre- Fig. 1. Canary Islands region showing the stations sampled (e) along a section, 
diCtiOn of 340[~, A respiratory quotient extending from the NW African coastal upwelling waters (<2QQ m\ to the apen 

ocean waters of the eastern subtropical gyre (west of La Palma Island). The 
("2 t0 O2 ratiO) of (Robinson et section intercected 4 cyclonic eddies (C2, C3, CS and Cf),  1 anticyclonic eddy 
2002) was used to convert Oxygen (Al) and 1 upwelling filament (Fl). The surface flow of F1 is approximately 
ues into carbon units (R<200). represented by a broad grey arrow 
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Longitude ("W) 

-ir;. 2. Vertic-! dir!rihcti~n (0 to 1000 m) of t~mperature ["C!, 
saiinity and apparent oxygen utiiisation (AOU, pmol kg-'1 
along the section. NACW = North Atlantic central water; 

AAIW = Antarctic intermediate water 

(Fig, 1; E. D. Barton et al. unpubl.). The meridional 
component of currents (Fig. 3) measured with the ship- 
borne acoustic Doppler current profiler revealed the 
strong azimuthal velocities associated with the vanous 
eddies, identifiable here by their surface salinity sig- 
nal, The lower salinity filament waters, labelled F1, 
crossed the section southwards at the outer edge of 
cyclonic eddy C?. Recirculation was indicated by weak 
northward flow close to the slope and sheil. The sepa- 
ration between lower salinity CTZ and UW waters and 
higher salinity ESNA waters was evident at around 
15.5" to 16"W. The C?-F1 systern largely recycles the 

,Surface 
water 

NACW 

AAlW 

offshore filament transport back to the shelf 
(Barton et al. 1998) or interacts with cyclonic 
eddies (Barton et al. 2000) and anticylonic 
eddies (Basterretxea et al. 2002) spun off Gran 
Canana. In the latter cases, filament waters 
were entrained around the eddies to be htro- 
duced further offshore. At the westernmost 
extreme of the section, the isolines of tempera- 
ture and sallnity sink down, suggesting down- 
welling of water, presumably by the presence 
of a frontal structure (Fig. 2). 

Underlying the surface waters, North Atlantic 
central water (NACW) extended down to 700 to 
800 m, occupying most of the vertical depth 
range of our sampling. Below the NACW, 
parcels of Antarctic intermediate water 
(AAIW), with lower salinity ( ~ 3 5 . 3  psu) and 
higher AOU (>130 pmol O2 kg-') than the 
NACW, were observed along the whole section. 

a 
Distributions of organic matter - 

and ETS activity m 
O 

- 

POC and chl a showed the highest values 
(> 10 pM and > 10 mg m-" respectively) in the 
surface waters of the 2 coastal upwelling Sta- 
tions (Fig. 4).  Maxima of the 2 biological prop- 
erties were also observed in cyclonic eddies C5 k 
and C? and in filament waters. 

n 

-19 -18 -17 -16 -15 -14 -13 
Longitude ("W) 

Fig. 3. (a) Surface saiinity along the station line of Fig. 1. Anti- 
cyclonic (A) and cyclonic (C) eddy positions are  rnarked along 
with the filament F1. (b) Northward component of absolute 
velocity rneasured by ship-borne acoustic Doppler current 
profiler (ADCP). Velocities are expressed in  cm S". North- 
ward flow is indicated by grey fill. Horizontal dotted lines 

show ADCP bin depths 
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The CM a maximum (CM) showed a tendency to 
deepen progressively from coastal to open ocean 
waters, but the perturbation of the thermocline waters 
by island eddies elevated the CM to the surface in 
eddy C5 and depressed it to > 100 m in eddy Al.  At the 
westernmost stations, the CM deepened to 100 m, fol- 
lowing the isotherms and coinciding with a relative 
maximum in POC at this depth (Fig. 4). 

DOC displayed, to a large extent, a contrasting pat- 
tern of distribution to POC and chl a (Fig. 4). Coastal 
waters and waters associated with cyclonic eddies 
(where upwelling is produced) presented relatively 
low DOC values (<?O pM). The highest DOC concen- 
trations (>lo0 pM) were observed in those regions 
where water convergence and downwelling were pre- 
sumably produced, i.e. the anticyclone Al (although 
the station at the core of the eddy was not sampled for 
DOC) and those stations near the upweiiing boundary 
where water recirculated shoreward (14 to l4.S0W; 
Fig. 1). These high concentrations are comparable to 

19 18 17 16 15 14 13 
Longitude ("W) 

the highest DOC values observed in particular oceanic 
regions where P is elevated and surface warming 
enhances upper layer straüfication (Hansell2002). 

Respiratory ETS activity was in general high 
(>O.? mmol O2 m-3 d-') in the upper 50 m of the section, 
decreasing sharply below 100 to 150 m (Fig. 4). The 
lowest values were observed at the boundary between 
the filament waters and the open ocean waters (15.5 to 
16" W), and the highest (up to 5 mmol O2 m-3 d-') in the 
upper 20 m of the coastal stations. Relative ETS maxima 
were also associated with the surface waters of eddies 
C5 and C7, and through the upper 150 m in eddy A l .  

Both DOC and ETS activity showed subsurface 
maxirna in the mesopelagic zone (>200 m) at the same 
stations in the depth range (300 to 600 m; Fig. 5). While 
the deep peaks in DOC were almost of the same mag- 
nitude as the surface values (>80 pM), the magnitude 
of the ETS maxima in deep waters (-0.2 mmol O2 m-" 
d-') was considerably lower than that of surface waters 
(> 1 mmol O2 mh3 d-'). 

19 18 17 16 15 14 13 
Longitude ("W) 

Fig. 4. Vertical distnbutions of temperature ("C), salinity, chlorophyil a (mg m-3), dissolved organic carbon (DOC, pM), particulate 
organic carbon (POC, pM) and respiratory electron transport system (ETS) activity (mmol 02m-3 d-') in the upper water column 

(O to 200 m) 
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' V V V ,  . , . , 7. 

-1 9 -1 8 -17 -16 -15 -14 -13 
Longitude ("y 

Fig. 5. Vertical distnbutions (O to 1000 m) of (DOC, pM) and 
respiratory electron transport system (ETS) activity (mmol O2 
m-3 d-i ). Notice the relative maxima in dissolved organic car- 

bon (DOC) and ETS in the mesopelagic zone, coinciding with 
the depth at which the deep ccattering layer has been reported 

Fig. 6. Relation between (dissolved organic carbon) DOC and 
apparent oxygen utilisation (AOU) for AOU values > O ,  de- 
scribed by the fitted regression equation: DOC = 79.1 (5 2.75) 

-0.183 (+ 0.03) AOU (R2= 0,24 p < 0.0001, n = 125) 

a 

carbon units. Hence, the remainder must b e  due to - m 

oxidation of sinking POC. This value represents an - 
upper boundary since the correlation of AOU and 
DOC is partly dueto the effect of water masses mixing. E 

In our case, however, DOC showed a weaker correla- O 

tion with temperature (RZ = 0.27, p < 0,0001, n = 152) E 
than in other oceanic regions (R2 > 0.7; Doval & HanseU - 
2000, Anstegui et al. 2002), and the coefficient of $ 
regression between DOC and AOU (for AOU > O )  only 1 
increased from 0.24 to 0.27 when including tempera- 
ture in the regression. 

Correlation between variables 

Respiratory ETS activity was correlated in the upper 
200 m with both particulate material (POC and chl a) 
and DOC. The correlation was stronger with POC (r = 
O.63, i; : O.OOG?, r; = 72) and chl a (i = O . 5 5 ,  p : O.OOO?, 
n = 89) than with DOC (r = 0.35, p < 0.01, n = 74), 
suggesting that respiration in surface waters was indi- 
rectly based on particulate organic matter, Le. the 
more POC present the more solubilisation of labiie 
DOC there is 'Lo s ~ p p o r t  micr~bial E. The 2 fructions of 
organic carbon were not correlated (as may be inferred 
simply from their vertical distnbution). Below 200 m, 
DOC was significantly, but weakly, correlated with 
both ETS (r = 0,27, p = 0.014, n = 81) and AOU (r = 
-0.29, p = 0.01, n = 80). 

The relationship between DOC and AOU (Fig. 6) for 
AOU > O (Le. for waters below the thermocline) yields 
a slope (molar ratio) of -0.183 (k 0,03). By converting 
the AOU to carbon units (using a Redfield ratio 
-AC/AO, = 0.69: Hedges et al. 2002), we find that the 
DOC contnbutes 26.5% to the AOU in equivalent 

Longitude ("W) 

Fig. 7. Integrated water column respiration (R), expressed in 
carbon units (mmol Cm-2 d-'), for the O to 200 m (RF~O,l) and 
200 to 1000 m (R,200) depth ranges. See details for conversions 
in 'Materials and methods', The 2 easternmost stations corre- 
sponded to the coastal upwelling stations, and were inte- 

grated to the bottom (80 and 47 m, respectively) 
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Water column respiration 

Calculated community R integrated in the upper 
200 m (the epipelagic zone), and expressed in carbon 
units (R,200; Fig. ?), doubled from 77 mmol C m-' d-' 
at the most oceanic station to 137 mmol C m-2 d-' at 
one of the filament stations (median = 100 I 24 mmol 
C m-' d-'). By comparison, integrated R below 200 m 
(R,poa) was considerably lower (median = 7 I 3 mmol 
C m-' d-' over ail stations). This represents only -7 % 
of the O to 1000 m water column respiration, and indi- 
cates that most of the labile organic matter is respired 
in surface waters. These estimates must be considered 
however with some degree of caution since deep- 
water R were calculated using a constant WETS ratio 
derived from empirical relationships with oxygen con- 
sumption rates determined from monospecific cul- 
tures of bacteria (Chnstensen et al. 1980, Packard et 
al. 1988). Nevertheless, the use of this conversion fac- 
tor yields comparable results to oxygen utilisation 
rates computed from AOU and water mass age 
(Arístegui et al. 2003). 

DISCUSSION 

Epipelagic plankton respiration and organic carbon 
fluxes in the Canary Islands region 

The microbial R integrated in epipelagic waters of 
our study section are high, but of the same magnitude 
as rates from previous studies in the same region 
(Table 1). For instance, Duarte et al. (2001) compiled 
respiration data (from in vitro oxygen experiments) 
ranging from NW Afnca to the subtropical NE Atlantic, 
and estirnated a similar mean R for the euphotic zone 
of 96 I 7 mmol C me2 d-l (n = 33). Robinson et  al. (2002) 
estimated (also from in vitro oxygen experiments) a 
mean euphotic zone R for 4 stations o£ the subtropical 
NE Atlantic of 111 I 34 mmol C m-' d-', which in- 
cluded 1 station close to the Cananes CTZ and another 
close to the Cape Blanc filament. Arístegui & Montero 
(in press! observed. in oceanic waters south of Gran 
Canana, an annual variation in plankton R (derived 
from ETS activity) integrated over the upper 150 m of a 

N 

less than a factor of 2,  with values comparable to the - 
= 
m O 

m 

Table 1. Compiled average integrated daily rates (rnmol C m-2 d-') of prirnary production (P) and epipelagic community respira- E 

tion (R) from the eastern subtropical North Atlantic (ESNA), the Canaries Coastal Transition Zone (CTZ) and the NW African O 

upwelling (UW) regions (Cape Guir and Cape Juby). Depth = maximurn depth of integration; EZ = euphotic zone. Oxygen-based g 
P and R were transformed to carbon units using, respectively, a photosynthetic quotient = 1.2 and a respiratory quotient = 0.8 n 

Region Depth Season P R Source 

ESNA EZ Spring 89" 96b Gonzáiez et al. (2001) 
ESNA EZ Spnng 53b 111" Robinson et al. (2002) 
ESNA EZ Surnrner 26" 126" González et al, (2001) 
ESNA 200 m Summer 78' This ctudy 
ESNA EZ Autumn 54" 62= Arístegui & Harnson (2002) 
ESNA EZ Autumn 34 59" Serret et al. (2002) 
ESNA (Median = SE) 51 + 12 89 k 12 

CTZ 150 m Spnng 100" 187r Anstegui & Montero (2003) 
CTZ EZ S u m z  3Q" n,te:retx-,l, Y $a+Astr~i (2~00) 
CTZ 150 m Summer 113' Anstegui & Montero (2003) 
CTZ 200 m Summer 108C This study 
CTZ EZ Auturnn 26' Bode et al. (2001) 
CTZ (Median + SE) 52 $ 2 9  136 i 31 

LlW (C. Guir! E7 
UW (C. Guir) EZ 
UW (C. Guir) EZ 
UW (C. Juby) EZ 
UW (C. Juby) EZ 
UW (C. Juby) EZ 
UW (C. Juby) EZ 
UW (C. Guir) EZ 
UW (Median + SE) 

winter 
Summer 
Summer 
Surnmer 
Summer 
Surnrner 
Surnrner 
Autumn 

1 

Minas et al. (19U2) 
Minas et al. (1982) 
Gral1 et al. (1982) 
Minas et al. (1982) 
Basterretxea & Aristegui (2000) 

102" Arístegui et al. (unpubl.) 
72' This study 
7Zb Anstegui & Harrison (2002) 

82 + 12 
"P denved from "C-uptake experiments 
bP (gross production) and R derived from oxygen evolution experiments 

computed from respiratory electron transport syctem (ETS) activity and R-ETS algonthms 
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highest rates found in our study (RcIs0 = 113 * 18 to 
187 rt 87 mmol C m-' d-'). 

In general, respiration values in the Canaries CTZ 
region are significantly higher than those recorded 
from most open ocean regions, and in particular from 
the central North Atlantic subtropical gyre. Indeed, 
Arístegui & Harrison (2002) obtained a mean R = 62 
58 mmol C m-' d-' (n = 33) integrated over the upper 
100 m along a trans-oceanic section crossing the olig- 
otrophic North Atlantic ocean from Canada to the 
Canary Islands. This value is close to the O to 100 m 
integrated rates observed in the more oceanic stations 
of our section (55 to 60 m 0 1  C m-' d-l). 

To account for the high R observed in the Canaries 
CTZ, either the region is very productive and/or it 
receives high loadings of organic carbon exported 
from the coastal UW system. Estimates of P from the 
CTZ region are scarce and variable (Table 1). They 
range 4-fold from 26 mmol C m-' d-' in autumn to 
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ter study 2 intense cyclonic eddies were sampled. 
Cyclonic eddies that are shed from islands (Arístegui et 
al. 1994, 1997) are known to upweU nutrient-nch deep 
water in their cores, increasing the surface productiv- 
ity in relation to the ambient waters (Falkowski et al. 
1991, Basterretxea & Arístegui 2001). McGillicuddy et 
al. (1998) calculated that the vertical flux of nutrients in 
mesoscale eddies in the Sargasso Sea was sufficient to 
balance the nutrient budget in that region. The influ- 
ence of cyclonic eddies on new production seems to be 
particularly important in the Canary Islands region, 
due to the yearly recurrence and intensity of eddies. 
Indeed, Barton et al. (1998) estimated that, due to the 
influence of cyclonic eddies, the Canaries region is 
3 times as active in vertical transport of nitrogen as the 
mean of the global ocean, Whether the increase in P by 
eddy pumping is sufficient to account for the overail 
organic matter respired in the Cananes CTZ is how- 
ever unclear. Basterretxea (1994) observed that P in 
.the core of a cyclonic eddy in early stage of develop- 
ment in the Canaries co~dd he as high as 200 mmol C 
m-2 d-', although values in ambient waters were con- 
siderably lower, decreasing the average value for the 
region to about 100 mmol C m-' d-l, well below the 
average R (187 mmol C m-' d-'). Hence, although the 
overall influence of cyclonic eddies on regional P has 
been probably underestimated during past field stud- 
ies, it seems reasonable to think that the large meta- 
bolíc deficit observed in the balance between plankton 
P and R (Duarte et al. 2001, Robinson et al. 2002, 
Arístegui & Montero in press) needs to be supported 
also by externa1 inputs of organic matter, 

The mean values of POC (0.8 i 0,4 m01 C m-') and 
DOC (17 rt 7 m01 C m-') integrated (O to 200 m) along 
our study section are significantly higher than values 

observed in the open ocean subtropical gyre waters 
(1-IanseU & Carlson 2001, Harrison et al. 2001, Stein- 
berg et al. 2001). Part of this organic matter may be 
advected from the coastal UW system by both up- 
welling filaments and Ekman transport. Filarnents rich 
in chl a have been documented in severa1 studies to 
stretch severa1 100 km offshore into the Cananes 
region, interacting with island eddies shed from the 
islands (Arístegui et al. 1997). Neuer el al. (2002) 
observed that the Cape Guir filament, north of the 
Canary Islands, transported particles of shelf origin to 
sediment traps deployed as far as 700 km offshore. 

AdditionaUy, at some times of the year, and coincid- 
ing with a weakening in wind intensity or a shift in 
wind direction, sateilite images show a broad spread- 
ing of chl a from the coastal UW into the Canaries 
region (e.g. Anstegui et al. 1997, Pacheco & Hernán- 
dez-Guerra 1999). This is presumably linked to rever- 
sals in the main flow, which ailow the presence of a 
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ing westwards at this latitude (Pelegrí et al. in press). 
These flow diversions are more frequent during late 
fall and winter, when trade winds are weaker, but are 
produced sporadically year-round (Navarro-Pérez & 
Barton 2001, Hernández-Guerra et al. 20021, and 
might be responsible for much of the organic matter 
inputs into the region. 

Mesopelagic respiration 

In contrast to epipelagic R, mean integrated micro- 
bial R in the mesopelagic zone (200 to 1000 m) of the 
Canaries CTZ is of the same order of magnitude as in 
other oceanic regions (see review in Arístegui et al. 
2003). However, the exponential decrease of R with 
depth in the Canaries region is much sharper. This is 
observed when comparing the depth distribution of the 
normalised average cumulative respiration in our 
study with other regions (Fig, 8), In the Cananes 
region of the rnesopelagic respiration takes place 
between 200 and 450 m, while the average for al1 the 
oceanic regions indicates that this occurs between 200 
and 750 m. One explanation for this could be that 
organic matter compounds transported to the meso- 
pelagic zone are less refractory than in more open 
ocean regions. Also, the microbial comrnunity in the 
upper layers of the mesopelagic zone could be more 
efficient in the remineralísation of organic matter in 
the Canary Islands region than in other oceanic 
regions. The validity of either hypothesis is still 
unclear. Recently, it has been suggested that regional 
changes in export fluxes of POC result in part from 
differences in mineralisation rates in the surface 
waters (Fran~ois et al. 2002). Productive regions in low 
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Fractional cumulative respiration 

Fig. 8. The depth distnbution of the average (r SE) cumulative 
respiration rate in the mesopelagic zone. Data from this study 
(Canary l'slands region) are compared with data from other re- 
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dotted line indicates 50% of the water column (200 to 1000 m) 
respiration. Note the sharp decrease in mesopelagic re- 
spiration in the Canaries, compared with the global average 

latitudes tend to exhibir less mineraiisation in the 
mesopelagic range than productive regions at higher 
latitudes (Antia et al. 2001, Franqois et al. 2002). 
Organic carbon sinking out of the mixed layer in warm 
seas would experience more recycling than material in 
temperate or cold regions because of enhanced micro- 
bial activity in warmer waters. Hence, the amount of 
material available for respiration in the mesopelagic 
zone of warm seas would be lower. This might partly 
explain the high surface, but low deep-water, 
integrated R found in the Canaries region, as well as 
the sharp decreasing gradient in R in the upper meso- 
pelagic zone. 

An alternative and non-excluding hypothesis to 
explain the high surface respiration in this region is 
that upwelling of water from the aphotic zone, both at 
the African coast and in cyclonic eddies, brings up 
biorefractory DQC to the surface where it would suffer 
photochemical degradation and oxidation by microor- 
ganisms. Severa1 studies (see revisions in Moran & 
Zepp 2000 and Mopper & Kieber 2002) have shown 
that UV radiation results in the cleavage of DOC into 
smaller, more biologically labile, organic compounds. 
These organic photoproducts significantly stimulate 
bacteria1 uptake, enhancing overall microbial R. Ben- 
ner & Biddanda (1998) hypothesised that deep-ocean 
biorefractory humic-rich DOC (that is dominant in 
upwelled waters) may be particularly susceptible to 
photochemical degradation, becoming more available 
to bacteria uptake. This hypothesis is supported by 

recent field studies on photochemical sümulation or 
inhibition of microbial activity using humic organic 
matter, carried out both on freshwater and marine 
ecosystems (Obernosterer et al. 1999, Tranvik & 
Bertilsson 2001, Reitner et al. 2002). 

Contribution of POC and DOC to water column 
respiration 

The correlation analyses of ETS with DOC, POC and 
chl a in the upper 200 m suggests that respiration is 
mainly supported by particulate organic matter. This is 
more evident in the coastal stations where the up- 
welling waters with high chl a and POC, but low DOC, 
concentrations present high R. However, a closer look 
at the vertical distributions of POC, DOC and ETS 
along the section suggests that, at certain stations, ETS 
may be based both on DOC and POC. This is observed 
in the upper 50 m between 14' and 1S0W, or at the 
boundary of the anticyclonic eddy (Al) where rela- 
tively high ETS activity in the O to 150 m layer coin- 
cided with high DOC values (although POC was not 
sampled in the anticyclone). 

In mesopelagic waters, the calculated (265 %) con- 
tribution oi DOC to the oxygen anomaiy jAOVj indi- 
cates that deep-water respiration is mainly based also 
on POC fluxes. Nevertheless, this percentage is higher 
than the global average of DOC contribution to 
mesopelagic R (Aristegui et al. 2002). DOC fluxes from 
the surface waters would correspond mainly to a com- 
bination of DOC delivered by vertical diffusive mixing 
(which would be respired in the upper mesopelagic 
zone) and by the excretion of plankton migrants in the 
deeper mesopelacyic layers, Downward DOC flux 
through vertical diffusive mixing into the upper meso- 
pelagic layers could be enhanced by island eddies and 
other mesoscale instabilities year-round, but there is 
still no information available to evaluate its overall 
irnpact. In addition, antlcyclonic eddies could act as a 
trapping and removal mechanism of organic matter by 
increasing the vertical flux of POC. DOC could be 
either absorbed onto particles (Druffel et al. 1996), or 
aggregated by the action of surface charges and 
microbial activity to form amorphous particles of 
marine snow (e.g. Barber 1966), providing a mecha- 
nism whereby DOC is added to the sinking flux of 
particulate material at these convergence cites. 

Convective mixing has been shown to be a signifi- 
cant transport process in areas of deep-water forma- 
tion, and other areas experiencing seasonally intense 
convective mixing, where DOC seasonally accumu- 
lates, like the Sargasso, Mediterranean, Greenland or 
Norwegian seas (Hansell 2002). However, there is no 
evidence of either seasonal DOC accumulation 
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(J. Arístegui unpubl. results) or intense mixing pro- 
cesses in the Canary Current region. In contrast to 
ternperate seas, where intense winter mixing is 
produced, the surface waters around the Canary 
Islands are affected by strong heating throughout the 
year which promotes the development of a quasi- 
permanent sharp thermocline. The thermocline weak- 
ens during the winter-spring penod allowing 
enhanced vertical diffusion through it, but is never 
broken down by intense convective mixing as in tem- 
perate regions (e.g. Barton et al.  1998). 

The observed peaks of DOC at intermediate depths 
(400 to 600 m), with concentrations as high as in sur- 
face waters, suggest that DOC production or export in 
the mesopelagic zone may be higher than in other 
oceanic regions. To our knowledge, mesopelagic DOC 
maxima have not been described previously. The rea- 
son for their presence is uncertain. 

On the one hand, deep DOC maxima coincide wilh 
those stations where water convergence and down- 
welling is presurnably produced. At these cites, surface 
DOC concentrations are high, and could be down- 
welled to deeper layers. However, there is no clear 
DOC gradient between surface and deep waters, but 
rather a separate distribution with relative minirnum 
values at 250 to 400 m depth. The small peaks in ETS 
activity observed at the same stations and depth range 
suggest that the organic carbon at these depths may 
undergo a partial microbial remineralisation. 

On the other hand, the deep DOC maxima coincide 
exactly in depth with the presence of the deep scatter- 
ing layer (DSL), a rnid-water community of zooplank- 
ton and microneuston, some of which migrate daily to 
feed in surface waters (e.g, Longhurst 1976). The DSL 
is particularly well developed in the 
Canary Islands waters (Baker 1970, Roe 
1972, 1974, Pugh 1974, Rudyakov 1979, 
Hernández-León et al. 2001), and the 
excretion of migrant individuals could 
contribute significantly to the vertical 
flux of organic matter (Steinberg et al. 
2000, 2001, Hidaka et al. 2001). Overall, 
excretion of POC and DOC by vertical 
migrators has been reported to account 
on average for 4 to 34 O/o of the sinking 
POC flux (Ducklow et al. 2001); how- 
ever, these studies do not include 
coastal upwelling transition regions, 
where the DSL is much denser than in 
oceanic regions, and its irnpact on car- 
bon transport may be larger. In the 
Canary Islands, the DOC export coulcl 
be even greater if migrants were- 
directiy (via excretory DOC release or 
egestion) or indirectly (via release from 

fecal pellets) - the principal contributor to the deep 
DOC maxima. Unfortunately, we did not sarnple for 
POC below 200 m, but recent data from another cruise 
in the same region (J. Arístegui unpubl.) indicates that 
there are also POC maxirna at the same depths, proba- 
bly associated with the DSL. Moreover, in early work, 
Holrn-Hansen et al. (1966) described subsurface (500 
to 600 m) peaks of POC and DOC in a vertical profile 
off southern California. This suggests that mesopelagic 
maxima in dissolved and particulate organic matter 
may be a cornmon feature of transitional zones in 
coastal UW regions. 

Synthesis: Regional metabolic balance 

Our study section extended across 3 characteristic 
sub-regions which are schematised in Table 2: (1) The 
coastal UW, where annual P is considerable higher 
than cornmunity R and which, as has been asgued 
above, may export a large fraction of the excess pro- 
ductivity offshore; (2) the Canaries CTZ, with the high- 
est R rates due in large to the rernineralisation of the 
organic matter advected from the coastal UW; and (3) 
the open ocean waters of the ESNA gyre, where both P 
and R are lower than in the CTZ but the P/R ratio 
remains <1, presumably due to a low but constant 
export of organic matter from the CTZ. 

According to our results, most of the organic 
carbon would be respired in the epipelagic zone or 
the upper mesopelagic zone, with comparatively little 
transported downwards. Indeed, our mesopelagic 
estimations - considenng Ihe error in the calcula- 
tions-indicate R of only 4 to 10 mmol C m-' d-', a 

Table 2. Metabolic balance (mmol C m-'d-') in the 3 sub-regions during the study. 
The range in the respiration (R) values represents the estirnated error (30 

to 34 %) in the calculations from electron transport system (ETS) activities 

ESNA CTZ UW 

Epipelagic zone(<200 m) 
PU 26 -- 7n 189 
R<200 51-104 71-145 48-96 
pocscd" 6-17 

Mesopelagic zone (>200 m) 
R>ZOO 4-8 5-10 

1 Balance [P - (R.,+ POC,,+ -(29-86) -(46-125) +(76-135) 

"Pnmary production (P) is denved from surnrner averaged published results 
in Cape Juby (Table 1) 

"POCScd corresponds to organic carbon coliected with dnfting sediment traps 
deployed below the euphotic zone (near the bottom) in the UW region dur- 
ing the course of the study (J. Arístegui et al. unpubl.) 
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figure smali compared with the epipelagic respiration 
in the ESNA and CTZ (51 to 145 mmol C m-2 d-l), 
but stiii significant in a global ocean context 
(Arístegui et al. 2003). Assuming that 26.5% of the 
mesopelagic respiration is based on DOC, an aver- 
age 6 mmol m-' d-' of POC, would be respired and 
transported downwards. This represents the lower 
estimate of POC flux to the ocean floor in the UW 
region, denved from dnfting sediment traps mea- 
surements dunng the same cruise (J. Anstegui et al. 
unpubl.) The calculated POC flux in open ocean 
waters is about 3 times higher than the annual aver- 
age value recorded with moored sediment traps by 
Neuer et al. (2002) in the ESTOC time-series station, 
located about 100 km to the north of Gran Canana 
Island. Recent studies using particle-reactive natural 
radio nuclides (e.g. 2MTh) as a tracer for sinking par- 
ticles, have convincingly demonstrated that moored 
serliment traps deployed in the mecopelagic zone 
may severely underestimate the particle flux (Bues- 
seler 1991, Buesseler et al. 2000, Antia et al. 2001, 
Sholten et al. 2001, Yu et al. 2001). Nevertheless, it is 
also feasible that the POC fluxes are greater to the 
south than north of the archipelago, due to a higher 
P induced by cyclonic eddies. 

The carbon balance summarised in Table 2 must 
be interpreted with some degree of caution. Com- 
piled P values were derived either from 14C-uptake 
measurements (CTZ), oxygen evolution experiments 
(ESNA) or both (UW). Oxygen and I4C measure- 
ments agree weii in coastal UW waters (e.g. 
Anstegui & Harrison 2002), but differ in more 
oceanic waters, where oxygen-based gross produc- 
tion is higher than I4C-based production (e.g, Marra 
2002). Hence, P in the CTZ region is probably some- 
what higher than reported from I4C measurements 
(Tables 1 & 2), 

Nevertheless, in spite of the uncertainties in the 
estimation of the different metabolic rates, the data 
from our study, and that compiled from the literature 
(Table l ) ,  clearly show that both in the ESNA and par- 
ticularly in the CTZ regions R is consistently higher 
than P, To compensate for the metabolic imbalance 
between P and R, the excess (non-respired and non- 
sedimented) production from the UW region must be 
advected to the CTZ region. Likewise, the latter 
region would act as a carbon source-by enhancing 
P-and an open ocean pump-by advecting non- 
respired organic carbon to the ESNA. Future research 
in this region should aim to quantify the overall mag- 
nitude of the coastal UW open ocean transport. It 
should further include an evaluation of the role of 
cyclonic eddies in enhancing P, and of anticyclones in 
trapping and transporting organic carbon down to the 
mesopelagic zone. 
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