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ABSTRACT: Prirnaq production (P) and community respiration (R) were measured in vitro along 2 
transects of a trans-oceanic section crossing the oligotrophic North Atlantic waters, and during a 
drifter experiment in the eutrophic waters of the Northwest Africa upwelling system. Our ~esults indi- 
cate that the scales of vanabilil of P and R are different, R being less variable than P in the 2 studies. 
ln the fkst transect of the oceanic study, the mean P:R ratio was <1 (0.8), while in the second transect 
it was >1 (l.l), the difference being statisticaüy significant. The cause was a significant increase in P 
in the second transect, which was decoupled from changes in chlorophyll a (cN a) or R. In u p w e h g  
waters, however, R was always signiiicantly h w e ~  than P (PR > I), ami enhancements in P weTe 
paralleled by increases in chi a but not in R. The close correlation between the P:R ratio and P (and 
the Iack of correlation between P:R and R) supports the tlew that chapges in P but not in R cont-o1 the 
transition of the system from net heterotrophy to net autotrophy (in our study at P > 56 rnmol C m-' 
d-'1. The obsemed decoupling between P and R at temporal scales of days to weeks, has strong 
imnl int innc fnr adriraceinrr matnhnlir  halanroc frnm in rr i f rn  ~ u n o n m a n t c  ramnd n r i t  A i i n n r r  limitnrl --'r'.""---- *"* -."u Y. . A L "  -.y---̂ -.11..1 L V - I A L Y  "U. ---.y - * - S r -  

field samplings. We conclude that uniess the scafes of variability are estabhshed for the 2 metabolic 
rates. and particularly for P. it wiu. not be feasible to accurately establish regional metabolic balances 
at seasonal to annual scales. 
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Oceanic ecosystems contribute roughly half of the pn- 
mary productiori (P) to the biosphere (Fleld e; al. 1996). 
However, thei; role as regional biologica! sources or 
sinks of CO, is controversial. Recent stud.es compiling 
historicai in vitro datzi of Pand microbial comunity res- 
piration (R) suggest that R exceeds Fin oligot-ophic seas 
(del Giorgio et aI.1997, Duarte & Agustí 1998, Duarte et 
d. 1999, Serret et al. 2001, Hoppe et  al. 2002). If this is 
true, these extensive regians wodd behave as bioiogicai 

sources of COZ, which in tum would have great implica- 
aons for global biogeochemicai qcles  (Geider 1997, 
IViiliams 1998, Wiliams & Bowers 1999). To account for 
this hete.rotrophic situanon, oxidagon of aliochthonous 
organic matter must exceed local photosprithe:ic pro- 
duction at an annua! scale. 

Ocean margins are known to export significant 
amounts of dissolved and suspended particdate 
orgariic carbon to the open ocean; thus, playing a key 
role in the marine biogcochemical cycling of csrbori 
(Wa!sh 1991. Bauer & Druffel 1998, Liu et a!. 2000, 
Wollast & Chou 2000j. This situatisn is particularly 
noticeable in some eastern boundary regions, Iike the 
subtropical Northeast Atlantic, where net hetero- 
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trophy seems to be the dominant state 
for the upper pelagic community 
(Hernández-León et al. 1999, Bode et 
al. 2001, Duarte et al. 2001, Serret et al. 
2001, Hoppe et al. 2002). However, 
whether these export fluxes account for 
the overall oceanic chortfall resulting 
from comparing in vitro measurements 
of P and R (Duarte & Agustí 1998, 
González et al. 2001, Serret et al. 2001) 
is unclear. 

A complementary and non-excluding 
hypothesis to explain the P:R imbal- 
ances would be that P is significantly 
underestirnated al regional scale by in 
Mtro data, as a result of misinterpreting 
the shorl-term, time-space vanability 
of the 2 metabolic processes dunng 
field sampling. Although this hypo- 
thesis has been suggested before, to 
oiir knowledge, there are no in vitro 
field studies that support it. In contrast, 
in a former lagrangian experiment 
designed specifically to address the 
coupling between gross oxygen pro- 
duction (P) and R in surface planktonic 
communities, Williams (2000) observed 
no evidence for a clear temporal sepa- 
ration between P and R. The latter 
study, however, was carned out during 
a spring phytoplankton bloom event in 
the temperate North Atlantic, a situa- 
tion which is infrequent in tropical and 
subtropical waters. Here, we present 
data on P and 2 obtained by in vitro 
rneasurements from 2 studies (a trans- 
oceanic section and a drifter experi- 
ment), performed during a JGOFS 
(Joint Global Ocean Flux Study) cruise 
carned out in the subtropical North 
Atlantic. The studies allowed us to have 
a temporal resolution of days to weeks. 

Fig. 1. h?2p of stations smpler! di?nig the oceanic seclon (A} 2nd the drifter 
study in the Northwest Afnca upweiiing waters (B). P, in Transects 1 (white) and 
2 (black) of the oceanic section, indxates stations where primary production 
measurements were performed. A l  to C1 in map B correspond to 7 stations 
where daily in situ incubations for metabolic rate processes were conducted. 
The stations were selected by following a free-floating dnfter with sediment 
traps (the white arrows indicate the track of the drifter). Sea surface temperature 

is superimposed on the map (see Head et al. 1996 for details) 

As we show in this paper, the scales of variability of P 
and R are different, leading to a time and space decou- 
pling (lack of correlation! of both rates and therefore 
to changes in the P:R ratio. In the short term, Pis more 
variable in time and space than R, and therefore more 
susceptible to be underestimated at seasonal to annual 
scales through limited oceanographic cruises. 

MATERIALS AND METHODS 

Sampiing and hydrographic measurements. Tem- 
perature, salinity, chlorophyl! a (chl a), P and R, 

together with other parameters not reported in this 
work, were measured during 2 JGOFS studies con- 
ducted in the North Atlantic on board the CSS 'Hud- 
son', during Septernber and October 1992. 

The first study corresponded to a trans-oceanic sec- 
tion extending from the coast of eastern Canada to the 
Canary Islands (Fig. 1). Two transects were studied 
with a time lag between them of 3 to 4 wk (W to E, 18 
to 26 September; return E to W, 9 to 19 October). X 
total of 35 jdrographic stations were sampled along 
the 2 transects. The stations were occupied twice daily; 
once in the morning -09:OO to 10:OO h and once in the 
evening -20:OO to 21:00 h (local time). Based on this 





202 Aquat Microb Ecol29: 199-209,2002 

depths from 1 to 100 m (plus an additional surface sarn- 
ple taken with a bucket), either by means of sub- 
mersible pump or rosette sarnpler. No significant differ- 
ences were observed in ETS activity of replicate 
samples collected both with the pump and the bottles. 
Water sarnples were pre-filtered through 200 pm mesh 
and poured into acid-cleaned plastic carboys, before 
being filtered for ETS measurements or used for oxy- 
gen consumption experiments. Five to 8 1 of seawater 
were fiitered through47 rnm Whatman GFLF fiiters, at a 
low vacuum pressure (<?S atm). The samples were irn- 
mediately stored in liquid nitrogen untii assayed in the 
laboratory (2 to 3 wk after the cniise). ETS deterrnina- 
tions were carried out according to the Kenner & 
Ahrned (1975) modification of the tetrazolium reduction 
technique proposed by Packard (1971), as described in 
Arístegui & Montero (1995). A time and temperature E- 
netic study was performed before sample analysis. An 
incubation time of 20 min at 20°C was used. ETS activi- 
ties measured at 20°C were converted to activities at in 
situ temperatures by using the Arrhenius equation. 

R derived from ETS activity (REE) was calculated by 
converting the ETS data to actual rates using the fol- 
lowing regression equation obtained by Arístegui & 
Montero (1995) for oceanic waters: l ogh  = 0.357 + 
0.750 x logETS activity (units: mg O2 md3 d-l; n = 197, 
r2 = 0.75, p < 0.0001). 

Fifty & data of the above equation were obtained 
during the present study. Samples for oxygen con- 
surnption experiments were collected at 2 to 5 depths 
from the upper 80 m of the water cofumn and incu- 
bated at in situ temperatures for 24 h. Comparison of 
predicted Rm data using the regression equation gen- 
erated with the whole data set (191 vdues) and ~5th 
the subset (50 values) of & data of the present study 
yield similar resuits (intercept = O, slope = 0.96, r2 = 
0.96). However, the general equation expiains a higher 
percentage oi variance, since u ie  ranges of K, and ET5 
values along the oceanic section were very narrow. 
Rm was integrated in the upper 100 m and expressed 
in carbon units using a respiratory quotient of 0.8, Le. 
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metry of heterotrophic respiration (Robinson & Wil- 
liams 1999, and references therein). % was integrated 
in the water colurnn (O to 80 m) only at the few stations 
where 4 te 5 depths werr s;?ly!ed ir? erder te ccmpxre 
with derived RE*. 

Oceanic section 

Fig. 2 illustrates the vertical distribution of tempera- 
ture, salinity, chl a and derived community respiration 

( R m )  along the repeated oceanic section. A sharp 
temperature and salimty front is evident along the 
westward transect, at approxirnately 47 to 49" W, uidi- 
cating the transition between the cold and fresh 
Labrador Sea water, and the warm and salty open 
ocean water of the North Atlantic subtropical gyre. 
The front is less apparent along the eastward transect, 
since at that time the section intercepted a warm-core 
ring, as evidenced by the salinity and temperature 
signals. The chl a maxirnum deepened from west to 
east independently of the depth of the thermocline, 
but following the depth of the nitrache (see Harrison 
et al. 2001). The chl a maximum reached depths 
greater than 100 m west of the Canary Archipelago, 
at 20 to 25" W, coinciding with the deepest nitracline 
leveI. A high patch of cbi a (with vaiues > 4 mg m-3) 
was observed along the second transect associated 
with the intmsion of Labrador Sea water at 50°W. 
Another patch of chl a (with values > 1 mg m-3) was 
also found along the westward trancects in fhe waters 
overlaying a searnount near the Atlantic Central 
Ridge, at 34" W. 

RETS was rather constant between transects and did 
not show a significant relationship with chl a, suggest- 
ing that phytoplankton biomass contributed little to 
the microbiai respiration. Relative Rm maxirna 
(20.8 mmol C m-3 d-') were however observed in the 
western sector o£ the section. For the first transect, the 
increase in respiratory activity was associated with the 
anticyclonic warm Ring. For the second transect, high 
Rm values were observed bounding the cold and rich- 
chl a Labrador Sea water. Particuiarly, high rates 
extended from the surface to 100 m at the sharp front 
between Labrador Sea water and G d í  Stream water. 
The integrated values of chi a (water column), 13C- 
determined production (PC13# euphotic zone), denved 
community respiration (Rm, from Oto 100 m) and dark 
community respiration (&, irom 0 io 86 mj, as weii as 
the PCI3:RETS and PCI3:& ratios, are represented in 
Fig. 3 for those stations where the 3 properties were 
measured. The plots do not include those stations 
*..L--- L:-L -l.1 - .*..l..-- -.*a-- * L  a -- 
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ductivity measurements were performed there. & was 
plotted only for a few stations along the firs: transect. 
where 4 or more measurements aliowed integration in 
the gpper a0 z. Co=puriccr: Veti~eer: ktegruted 
and & (Fig. 3) show a good agreement in absolute 
values, although Rd is a bit lower as a result of the 
smaller integration depth, adding confidence to the 
denved respmafion from ETS ac f i s .  

The along-transect and inter-transect vanability was 
higher in Pc13 than in Rm or chl a when considering 
only the comrnon stations for the 3 properties (Table 1). 
The mean chl a and RFT$ values were not siqnificantl~ 
different between transects (Table 2). Conversely, the 
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Transect 1 (eastward) 
Oceanic Section 

-1 7 4  Ghl i 
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Longitude (W 

Transect 2 (westward) 

Longitude (W) 

Fig. 2. Vertical secuons of potential temperatue (T, "C), s&ty (S), chiorophyil a (CN a, mg m-'), ~ n d  comrnunity respirauon 
denved from respuatory ETS activity (Rm, mmolC m-3 d-'). aiong the 2 transects oí the oceanic section. Notice that the hydro- 
graphic front apparent at abaut 50°M' along Transect S obscured by a wam-core ring un Trdnsect 1. See text for conversion 

de&& of ETS to respiration. 

mean PCL3 ~ncreased s~gnificantIy along the second 
transect wlth respect to the first one. When companng 
the rnean values of Pc,, and RrlC íor the same starions 
crf the fxst transect a!one, Rns (59.2 mmolC m-2 d-'1 1s 
statsticnlly higher than PCi3 (14.5 rnrnolC m-2 d-'j. 
However, this does not apply to the second transect or 
@.e 2 transects tcgether n here the differences m the 
mean values of the 2 rates are not stabstically different 
(Table 2). The cverall mean Pc13 R, ratio was close to 
1, but the rnean rabo oi the flrs: transect (0.8) uras sig- 
nificantly lower than the mean ratio of the second tran- 
sect (1.11, as a consequence of the PCi3 mter-transect 
vanabrlity (Table 2 l. 

Trre vertlcal profiles of chl a, P,, P:,, ancl R, tor the 7 
m s ~ t u  stabons are represeatea m Frg 4. & tind P, bere 
converted into carban units uslng a respiratory quo- 
bent (RQ) of 0.8 (see abor-el, and a photosynthetx 
quotient [PQ) o1 1.2, obtainec! from the slope o£ the 
regresslon equation between Pg and PCI4 (Flg 51. The 
correlations wtween Pg or P, and PC., were kighly sig- 
nificant (r7 = 0.94 and 0.96, respecttvely) -4s erpected, 
the Pc;, values laid m the range betiveen P, and P,, 
(hg. 51, Pcl4 bemg closer to P, at high production rates 
and to P, at iow rates. 
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During the 7 d experirnents, & varied little (%CV = 
14) compared to the variation in chi a (%CV = 54), P, 
(%CV = 35.6) or P,, (%CV = 54) (Table 1). This is clearly 
illustrated in the representation of the integrated val- 
ues o£ chl a, P, and & at the ? driftinq stations (Fig. 6). 
Conversely to the oceanic section, & was always lower 
than P, (Le. net autotrophic situation), the P,:& ratio 
ranging from between 1.3 and 2.5. 

DISCUSSION 

Our results from 2 different marine ecosystems 
(coastal upwelling and subtropical open ocean waters) 
show that, regardless of the trophic status of the system 
and the different approaches used to estimate the 
metabolic rates, J7 is less variable than P. In the oceanic 
study, this applies both for the along-section and 
between-transect variability (Table 1). The mean chl a 
per transit also remains constant between the 2 tran- 
sects of the cruise (if we exclude the 2 particular 
patches in the westward transect, where no P data are 
available). This contrasts with the significant increase 
in the mean PCI3 during the second transect with 
respect to the first one. Presumably, grazers kept pace 
with the phytoplankton production maintaining bio- 
mass at rather constant levels despite the apparent 
increase in phytoplankton specific growth rates (e.g. 
Banse 1992). The oceanic situation differs from the 
upwelling regime, where the increase in primary pro- 
duction is matched by an increase in chi a concentra- 
tion, indicating a decoupling between phytoplankton 
growth rate and zooplankton grazing. 
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able than Pc,,, show enhancements at cites where 
organic matter generally accurnulates. This is the case, 
for example, of the warm-core ring, which presumably 
concentrated organic matter in its core as other anti- 
cyclonic eddies do (Olson & Backus 1985, Arístegui et 
al. 1997). Also, the sharp hydrological front between 
the Labrador Sea waters and the Gulf Stream waters 
shows a marked enhancement in R, which is not 
paralieled by an increase in chl a. 

The lack of correlation between R and chl a supports 
the view that heterotrophic organisms are the major 
respirers o£ the sea (eg.  Wiarns 1981). Bacteria1 
respiration has been traditionally reported to account 
for most of the microbial comrnunity respiration in the 
ocean (Williams 1981, Blight et al. 1995, Jahnke & 
Craven 1995). Thus, changes in bacteria1 biomass and 
activity would have to be reflected in the overaii micro- 
bial respiration (Griffith & Pomeroy 1995). Neverthe- 
less, in a complementary studp, Harrison et al. (2001) 
did not find a significant correlation between rnicrobial 
respiration and either bacteria1 biomass or activity for 
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Fig. 3.Zonal variability in colurnn-integrated values of chloro- 
phvii a (Chl a, water colurnn), '%-deterrnined production 
(P,,,, euphotic zone), community respiration denved from res- 
pirato; ETS activity IRm, upper 100 mj. and the ratio 
PC13:Rm along Transect 1 (open symbols) and Transect 2 (solid 
symbols). Only those stations where the 3 biological properties 
were measured are represented. Integrated dark respiration 
rates (&, upper 80 m; crossed triangles) and the ratio Pci3:& 
(crossed diamonds) are &o plotted for those stations where 4 
or 5 sarnpling depths aiiowed integration (see text for details). 
m e  approximated position of the f ~ o n t  between #e Labradar 
Sea waters and the Gulf Srream waters for Transect 2, and the 
respiration value at the warm-core ring station are indicated. 
Notice the higher variability in production with respect to 

respiration, which affects the P:R ratios. 
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those stations where pnnlary production was estimated. n number of stauons See text for dbbrevidtlons 

the oceanic sectiori. Recentkf. it has been suygested 
that protozoa play a Iíe? role in obgot-ophc oceanic 
waters, not onlv as being the dorninant source of dis- 
solved organic carbon for bactena, but also by being 
one of the main respirers in microbial food webs (eg. 
Kagata 2000). Mbeit, bacteria rnight contribute signif- 
icantly to R in oligotrophic seas and the fact that the 
role of protozoa was not considered in this process, 
could have flawed the estimation of the relationship 
between R and bactena biomass. 

As observed in precous studies (Duarte & Agustí 
1998, Duarte et al. 2001, González et al. 2001). a highiy 
significant correlation exists between the P:R ratio and 
P. We show in our study that this stems for the fact that 
P, at short-tem scales. is much more variable than R. 
Thus, the predictable close correlation between AR 
and P (3 = 0.93, including all the data set; Fig. 71, and 
the lack of correlation between P:R and R, srrongfy 
suggest that changes in P but not in R control the 
trophic status of the system, and therefore, the transi- 
tion of the ecosystem from net autotrophy to net het- 
erotrophy and vice versa. This statement has been 
partly questioned by Serret et al. (2001j, who con- 
cluded from a latitudinal study across the eastern 
Atlantic Ocean that not only the overal! magnitude of 
P,, but also the stmcture of the planktonic cornmunity, 
greatiy influence the P:R balances. In our study, at P > 
56 mmolC m-' 6' (-6iQ mg Cm-' d-'1, the system 
x;ould tend to be net autotrophic. About 60% of X3c 
oceanic adra presenred P:R ;aüüs <I,  wnrie tne 
upwelling data prssented P:R ratios always >l. These 
estimates rely, however, on several assumptions, 
whch may slightly alter the final metabolic balance in 
oceanic woters, although not the overaii conclusions of 
the work. First, i f  is not clear whether the 13C and 14C 
techniques rneasure P, or P,. It is widely accepted that 
at h g h  production rates the 14C technique approxi- 
=atesto P, in 12 tu 24 h experiments, while at low rates 
it would approximate more to Pg (e.g. Marra 2002; 

Fig . 5  j. In our case, incubations ir, the oceamc transects 
lasted only tor 2 h and since production rates were low, 
our "C uptake measuremenrs would approximate P,. 
Unaccounted DOC production would. however, in- 
crease the final produciion lowering the P:R rates. 
Nevertheless, if we assume that 12 ?O o£ carbon pso- 
duction is released directly by alga1 cells as dissolved 
organic carbon fsee review in Nagata 2000), the P:R 
ratios would o* vary from 0.8 * 0.2 to 0.9 C- 0.2 in 
Transect 1 and from 1.1 rt 0.3 to 1.3 I 0.4 in Transect 2,  
resulting in 50% of oceanic data with P:R < 1. Second, 
the photospthetic (PQ! and respiratory (RQ) quotieats 
used in our study represent average values, which in 
the latter case is obtained from the literature. The 
reported variability in the average RQ (O.? to 1.0; e.g. 
Robinson & LViiams 1999) is, in any case, small 
enough not to have modifiea substantidiy &e meta- 

Table 2. Probabiiity of significance ('p < 0.05, "p E 0.002, ns: 
not sgnificant) of the difference in the median values between 
paired comparisons of chiorophyii a (Chl a, mg m-'). primas- 
prodzcüon nxnolC m' d-:), derived respiration (RE-, 
rnmolC m-' d-'J. and dark rospiration (&. mmolC m-3 d-'1. 
from the oceanic Transecrs 1 and 2 p1 and T2). Lhlues in 
parenfheses are caidated inciudulg ody  those stations where 
p n m q  produmon was estimated. The analysis of & was per- 
formed compsring mean volumetnc values (obtained from 2 to 
5 depihs! at 7 stations along TI and 5 stations along T2. See tex: 
for abtreviations. >.SI%ST: &ianri-li'hi'ary Rank S u n  Test 

1 

Variable P Test 

Chl d-TI vs Chl o-T2 rs 
{t-test) 

l 
M\k7RST ] 

ínsJ 
PC,,-T? vs Pzl,-T2 t-test 
R-Tl vs RmrT2 ns t-test 

b i  ~ MI'JRST) 
&-TI vs &-TS N t-test 
Pciz: RETS-T1 vs PC13: R-3  f-tes: 
PC,:-T1 vs RcrT1 t-test 
PCl3-T?r vs RRS-S?- ns Mes: 
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Production and Respiration (mmol C m3 12h-') 

Chlorophyll a (mg m3) 

Fig. 4. Vertical profiles of chiorophyii a (Chl a), gross prhary production 
(P& 14C-determined production (PCI4), and dark comunity respiration (&) 
for the 7 stations sampled during the drifter experiment in upwelling waters 
at Cape Guir (NW Africa). Oxygen-based production (P,) and respiration 
í&j were uansíormed io carbon unik using, respecliveiy. a phoio~yriüie'ic 

quotient = 1.2 and a respiratory quotient = 0.8. See text for details 
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tistical analysis used to look for differences between P 
and R did not include the oceanic sites where respira- 
tion was enhanced, since no productivity measure- 
m h n t c  .ir.-.rn n r i 4 ~ r r n a A  +h.ir\ra Ufirirri nlth~i.rrh tha 
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general pattern of R show little spatia1 and temporal 
variation related to P, we must be aware that R can be 
more variable than P in certain specific scenarios. 
hdeed, h ~ ~ ~ d p ~ ~ x i ~ a !  convergente featlxes, lile 
fronts or anticyclonic eddies, or nearshore regions with 

high loading of allochthonous orgaruc 
matter, can be sites of strong heterotro- 
phy (Smith & Mackenzie 1987). In these 
cases, changes in R can be greater than 
in P, as observed during the relaxation 
periods of the NW Afncan upwelling 
system, when the coastally produced 
organic matter is spread offshore (J. 
Anstegui unpubl. data). 

Some studies carried out in ternperate 
coastal (Blight et al. 1995, Serret 1999) 
and oceanic (Williams 2000) waters have 
shown that R increases as a response of 
organic matter production during intense 
phytoplankton bloom events. Neverthe- 
less, the time scale of separation of the 
autotrophic and heterotrophic processes 
differ among these studies, ranging from 
an alrnost perfect coupling o£ P and R 
observed duMg a lagrangian expen- 
ment in oceanic waters (Williarns 2000), 
to  a 1 or 2 wk delay of R in ~espect  to P in 
coastal studies (BLight et al. 1995, Serret 
1999). BIight el al. (1995) explaúled the 
metabolic delay on the basis o£ the nature 
of the organic rnatter, and the routes and 
passage of time of organic material be- 
tween producers and consurners. Low 
molecular weight (LMW) compounds 
exudated by phytoplankton would be 
readily assimilated by bacteria, inducing 
a close coupling between autotrophic 
and heterotrophic processes. Conversely, 
if the available pool of organic material 
results from the slower decomposition of 
organic detritus by a complex microbial 
community, P and R would show a 
marked displacement. In this case, there 
wouid be a gradual increase in R with 
time, since microbial food webs (Azam et 
al. 1983, Sherr & Sherr 1988) with many 
recyciing iiows, wiii tend ro homogenise 
the distribution of energy among their 
components (Higashi et al. 1993a,b, 
Nagata 2000). Thus, when the direct 

.l-*:-- -*,-L:,- :- 2- L - - - L - A . - , - - l -  
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ton is smdl compared to the organic matter recycled 
from detritus by the microbial food web, a mismatch 
between the 2 metaboiic processes may occur. This 
w ~ % d d  erp!&? .#hy Ly ,?temperate c=&st&! (Lc=s,stems, 
smaiier peaks in P after the larger spring phytoplank- 
ton bloom are not generally paraIIeIed by increases ín 
R (BLight et al. 1995, Serret 1999). The lack of correla- 
tion he tw~en P ind R woirld he even hrger when 
pelagic respiration is mainly based on allochthonous 
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Fig. 5.  Relationship between gross (Pg) and net (P,) commurity 
prodxtion andthe 14C-determined production (Pcl,) for data oí 
the upweiiing study- The dashed h e  represents the 1.1 

distribution. iVZ units are ui rnmoIC m2 12 h-' 

Offshore 
> 

r 100 

Mg. 6.  Variabihty m column-inteqrated values of chlorophfl 
a (CM a), gross primary produdion (P.) and dark commuty  
respiratton (&) among the 7 stations sarnpled during the 
dnfter experiment in upwelling waters. Notice the increase in 
Ch: a and Pg in B2 and B3. not paralieled by an increase in R, 

inputs of organic matter rather than on phytoplankton 
autochthonous produttion, a siruation that may take 
place in transition regions between eutrophic and 
oligotrophic ecosystems, where surface advective 
transport prevaik (e.g. Duarte et al. 2001). 

High rates in R with low he ispace  vanabdity 
zampared to P, seems to be the general trend in sub- 
tíopical waters, where pelagic food webs are domi- 
nated year rourid by smaU autotrophic and heterotro- 
phic ceUs. Previous studies (del Giorgio et al. 1997, 
Duarte & Agustí 1998, Duarte et al. 1999, Serret et a!. 
2001, Hoppe et al. 2002) have shown that in most situ- 
aiions the balance between the 2 in titro metabolic 
rates leads to moderate to strong heterotrophy, 
although it is not clear whether coastai export fluxes 

may account for the obsemed heterotrophy in oceanic 
waters in all instantes (Wiiliams 1998, Wiiiiams & 
Bowers 1999). 

Our work, in spite of the lirnitations of the ú2 r?itro 
studies, has aiiowed us to demonstrate, by repeating a 
trans-oceanic section and by carrying a driftiny exper- 
unent, that P is more variable than R at stales of days 
to weeks in subtropical waters. The vanability in P 
would resuit rnaUlly from mesoscale processes. Pulses 
oí inorganic nutrients into the base of the oligotropñic 
ocean euphotic zone can be produced by variable- 
scale eventc, &e interna1 waves (Venrick 1990, 
Hemández-León et d. 1999, Uz et al. 2001) or meso- 
scale eddiec (Arístegu et al. 1997, Falkawski et al. 
1991, McGiiiicudy et al. 1998, González et aI. 2001). 
Recent work describing the temporal and spatial vari- 
a b w  of arganic carhon (Carlson et al. 19941, auto- 
trophic and heterotrohic biomasses (Buck et al. 1996, 
Canlpbell et al. 1997) or P (Basterrefxea & Arístegui 
2000, Marañón et al. 2000) in oligotrophic seas, 
strongly support the growbg consensus that the fre- *..---.. A *-".:-,.a:- - - ->- - - '  - S  -:A :-L. LL - 
~ U C U L ~  UL típsuuic. p u 3 ~  VI u e w  ~ u u ~ y e n  UILO UE 

mixed layer of the oligotrophic ocean rnust be higher 
than fomerly considered. 

In \¡&o studies of oxygen metabolism in oceanic 
waters are generaiiy constrained by the limited num- 
ber of experirnents that can be carried out duMg a 
reguiar oceanographic cnrise. Hence, unles5 s. huge 
effort is devoted to performing oxygen experiments 
andjor a combination of methods is used to e s b a t e  
rnetabolic rates (as we did in this study), the prababil- 
ity of skipping smali patches of high production in the 
ocean inaeases, leading to an underestimation of the 
PiR ratio, m d  therefore tn m erreneQxs je~~r&;i i ;~slon 

20 40 80 1 EO 320 

Primary production (mmolC m" 6') 

Fig. 7. Relationship between the ratio (P:R) of depth- 
integrated primaq producfion (Pc,, and PJ and cornrnunie 
respiration (Rm and &) and the depth-integrated production. 
Data correspond to boh the oceanic section (Po,:R,,) and the 
upwelling study (Pg:%). At P >  56 mmol C m-' d-' (- 667 mg C 
m-' d-1 ) the system tends to be net autotrophic. Approxirnately 

60% of oceanic stations were in a heterotrophic situation 
during the period of study (but see text for discussion) 
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of the  trophic status of the  system. The oxygen method 
is  unáoubteaiy khe more  unambiguous in vitro 
approach to estirnate P:R balances in surface waters. 
However, the limitations of t h e  method, due to the 
lower sensitivity a n d  longer  required incubation times 
than other in vitro techniques, makes it necessary to 
combine it with other direct a n d  indirect methodolo- 
gies which provide a field sampling M t h  a closer 
time/space resolution (e.g. Arístegui & Montero 1995). 
Only b y  irnproving this resolution would we b e  ab le  to  
resolve the apparen t  match/mismatch of P and R 
observed in different oxygen rnetabolism studies in 
oceanic waters (Williams 2000, Serret et al. 2001). 
Moreover: it will alco aYow &e c ~ m p r i s o n  of Ln et rn  
metabolic rates with biogeochemical estímates of 
water-column metaboiism. In turn, this would aliow us 
t o  address the  3-dimensional variabibty in t h e  ex temal  
inputs of carbon to a given region a n d  to understand 
the scales of vanability of uncoupled p r o c e s e s  l ike P 
and export of particulate organic carbon (Buesseler 
1998), or the cycling of dissolved and par t icda te  
organic carbon (Druffel e t  al. 1992, Carlson e t  al. 1994). 

Aclínowledgements. We thank the technical assistance of Dr. 
G. Basterretxea (Universidad de Las Palmas de Gran Canaria) 
and others among ihe saentifk staff from the Bedford Insti- 
tute of Oceanography during the cruise; the officers and crew 
of CSS 'Hudson' for their expertise and professionalism; Dr. 
M. F. Montero for assisting with enzymatic analysis; and P. J. 
Le B. Williarns, H. W. DucMow and 1 anonymous reviewer for 
comments and suggestions that improved the manuscript. 
Finanaal support was provided by the Departrnent of Fish- 
eries and Oceans Strategic Science Fund (Ocean Ciimate Pro- 
gram) and by the interdeparimental Panel of Energy R & D 
(PERDJ. 

Arístegui J ,  Montero MF (1995) The relationship between 
cornrnunity respiration and ETS activity in the ocean. 
J Plankton Res 1?:1563-1571 

Arístegui J. Tett P, Hernández-Guerra A, Basterretxea G and 
8 others (1997) The influence of island-generated eddies 
on chlorophyli distnbution: a study of mesoscale variation 
around Gran Canana. Deep-Sea Res I44:71-96 

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reii LA, 
Thingstad F (1983) The ecological role of water-column 
microbes in the sea. Mar Ecol Prog Ser 10:25?-263 

Banse K (1992) Grazing, temporal changes of phyíoplankton 
concentrations, and the microbial loop in the open sea. In: 
Fai'~owski PG, Woociheaci HU jecisj Primary proaucriviry 
and biogeochemical cycles in the sea. Plenurn, New York. 
p 409-440 

Basterretxea G, Arístegui J (2000) Mesoscale variability in 
phytoplankton biomass distnbution and photosynthetic 
p&-áu;i L-L aULLe C&-,ari-+.r;: Mu'r'icaii coasi& .u-~-,j~~~oii 
zone. Mar Ecol Prog Ser 197:2?-40 

Bauer JE, Druffel ERM (1998) Ocean margins as a significant 
source of organic matter to the deep open ocean. Nature 
392:482-485 

Blight SP, Bentley TL, Lefevre D, Robinson C ,  Rodríguez R, 
Rowimcis J,  .w7iiiiams PJiieB iiYS5) Pnasing oí autouophic 
and heterotrophic plankton metabolism in a temperate 
coastal ecosystem. Mar Ecol Prog Ser 128:61-75 

Bode A, Barquero S, Varela M, Braun JG, de Armas D (2001) 
Pelagic bactena and phytoplankton in oceanic waters 
nedr the Canary Islands in sumrner. Mar Ecol Prog Ser 
209:l-17 

Biyan JR, Ruey JP. Williams PJLeB (1976) A procedure for 
making precise measurements of oxygen concentration 
for producthlty and related studies. J Exp Mar Biol Ecol 
21:191-197 

Buck KR, Chavez FP, CarnpbeU L (1996) Basin-wide distribu- 
tions of hving carbon components and the inverted trophic 
pyrarnid of the central gyre of the North Atlantic Ocean. 
summer 1003. Aquat hficrob Ecol 10:283-298 

&rsse!rr (lgoa) n.,e dec=Ui~y,?g of pre&@scr; p&-- 
ticuiate export in the surface ocean. Global Biogeochem 
Cycles 12:29?-310 

Campbeil L, Liu H, Noila HA, Vaulot D (1997) Annual vari- 
ability of phytoplankton and bactena in the subtropicai 
North Pacific Ocean at Station ALOHA during the 
1991-1994 ENSO event. Deep-Sea Res I44:167-192 

Carlson CA. DucMow HW, Michaels AF (1994) Annual flux of 
dissolved organic carbon from the euphotic zone in the 
Sargasso Sea. Nature 371:405-408 

Canit DE, Carpenter JH (1966) Comparison and evaluation of 
currently deployed modifications of the Winkler method 
for determining dissolved oxygen in sedwater: a NASCO 
Report. J Mar Res 24:28?-318 

del Giorgio PA. Cole JJ. Cirnbleris A (1997) Respiration rates 
in bactena exceed plankton production in unp~oductive 
aquatic systems. Nature 385148-151 

Druffel ERM, Wilharns PM, Bauer JE, Ertel J R  (1992) C y c h g  
o1 dissolved and particulate organic matter in the open 
ocean. J Geophys Res 97:15639-15659 

Duarte CM, Agusti S (1998) The CO, balance of unproductive 
aquatic ecosystem. Suence 281:234-236 

Duarte CM, Agusti S, del Giorgio PA, Cole JJ (1999) Is the 
open ocean heterotrophic? Saence 284:1735b 

Duarte CM, Agustí S, Arístegui J, Gonzáiez N, Anadón R 
(2001) Evidence for a heterotrophic subtropical NE 
Atlantic. Limnol Oceanogr 46:425-428 

Falkowski PG, Ziemann D, Kolber Z, Bienfang PK (1991) Role 
of eddy pumping in enhancing prima- production in the 
ocean. Nature 35255-58 

Field CB, Behrenfeld MJ, Randerson JT, Falkowski PG (1998) 
Primary production of the biosphere: integrating terres- 
trid and oceanic components. Science 281:237-240 

Geider RJ (1997) Photosynthesis or planktonic respiration? 
Nature 388:132 

Gonzáiez N, Anadón R. Mouriño B, Fernández E, Sinha B, 
Escánez J,  De Armas D (2001) The metabolic balance of 
the planktonic community at the N. Atlantic Subtropical 
Gyre: the role of mesoscale instabilities. L m o l  Oceanogr 
46:946-952 

Grasshoff K, Ehrhardt M, Krernling K (1983) Methods of 
seawarer anaiysis. Veriag Cheme,  Weinheirn 

Gnífith PC, Pomeroy LR (1995) Seasonal and spatiai varia- 
tions in pelagic community respiration on the southeast- 
e m  U.S. continental shelf. Cont Shelf Res 15:815-825 

Hama T, Miyazaki T, Ogawa Y, Iwakurna T, Takahashi M. 
OtsuN A, ichhura S (iJ8Jj ivíeasuremeni oi phoiospn- 
thetic production of a marine phytoplankton population 
using a stable "C isotope. Mar Biol73:31-36 

Harrison WG, Head EJH, Horne EPW, irwin B, Li WKW, 
Longhurst AR, Paranjape MA. Platt T (1993) The western 



.Arístegul& Harrison: P and R decoupiing in the ocear. 209 

North Atlanhc Bloom Experiment. Deep-Sea Res II 
40:279-305 

Harrison WG, .4rístegui J, Head EJH, Li U'kTC', Longhurst AR, 
Sameoto DD (2001) Basin-scale vanability in plankton bio- 
mass and cornmunity metaboiismin the sub-tropical North 
Atiantic Ocean. Deep-Sea Res 11 489241-2269 

Head EJH. Harrison i'ilG, Irw-in B, Iiame EPW, Li \$'kT+i' (1996) 
Plankton dynarnics and carbon flux in an area of up- 
weiling ot'f thr coasr of Morocco. Deep-Sea Res 1 43: 
1713-1738 

Herrnan ALC., Mitcheii MR, Young S\%' ((1984) X continuous 
pump sanipler for profilrng copepods and chlorophyli in 
the upper oceanic layers. Deep-Sea Res 1 31:439-451; 

Hernández-León S, Poste! L, U t e g u i  J. Gómez M and 6 
others (1999) Large-scale and mesoscaie distribution oi 
plankton biomass and metaboiic actiwty in the Northeast- 
em Central Atiantic. J Oceanogr 55471-482 

Hígashi M, Burns TP, Pattern BC (1993a) Network trophic 
dynarmcs: the modes of energy utilization in ecosystems. 
Ecoi Model66:l-42 

Higashi M, Burns TP, Pattern BC (1993bj Network trophic 
dyiamics: the tenipo of energy movement and availability 
in ecosystems. Eco1 Model66:43-64 

Holm-Hansen O, Lorenzen C1, Holrnes RW, Strickland JDH 
(1965) Fluorometric detenmation of chlorophyii. J Cons 
30:3-15 

Hoppe HG, Gocke K, Koppe R, Begler C (2002) Bacteria! 
growth and prjmary proauction along a north-coutti 
transect of the Atlantic Ocean. Nature 416:168-171 

Jahnke RA, Craven DB (1995) Quanfifying the roie of hetero- 
trophic bacteria in the carbon cyde: a need for respiration 
rate measurements. Limnol Oceanogr 40:436-4-11 

Kemer R4, Ahmed SI (1975) Measurernents of electror. 
transport activities in marine phytoplanlrton. Mar Biol 
33:119-127 

Liu KK, Atkmson L, Chen CTA, Gao S, Hail J ,  .MacDonaici 
RJV, McManus LT. Quiñones R (2000) Exploring continen- 
tal margin carbon fluxes on a global scale. EOS Trans Xm 
Geophys Union 81:641-644 

Maraión E. Holiigan PM, Varela M. Mourino E, Bale AJ 
(2000) Basin-scale variab~lity of phytoplankton biomass, 
production and growtb in the Atiantic Ocean. Deep-Sea 
* 2 -  A,.. A*-, Kes i r t:a.o-m t 

Marra J (2002) Approaches to the measurement of plankton 
production. In: Wilhamc PJLeB, Thomas DN, Reynolds CS 
(eds) Phytoplankton productivity. Carbon assimilation in 
marine and freshwater ecosystems. Blackweii Science, 
Oxford, p 78-108 

McGiUcuddy DJ Jr, Robinson M. Siegel DA, Jannasch HCV 
and 5 others (1998) Influence of rnesoscale rddirs on 
new production in the Sargasso Sea. Nature 394: 
263-266 

Nagata T (2000) Production mechanisrns oi dissolved organic 
matter. In: Kirchman DL (ed! Microbial ecoiogy of the 
oceans. it'iley-Liss. Neu- Iro:k, 2 121-152 

Olscn DE, Backus (1985) The concen!r~t;r,g oi .x$;lnism 

at fronts: a coid-water fish and a warm-core nng. J Mar 
Res 43:113-137 

Pdckard TT (1971) The measurement of respiratory electron 
transport activity in m a m e  phytoplankton. J Mar Res 
29:235-344 

Robhson C. Williams PJLeB (1999) Plankton net communitv 
production and dark resplration in the Arabian Se i  durin- 
September 1994. Deep-Sea Res 11 46:745-765 

Serret P, Fernánciez E, Sostres JA, Anddón R (1999) Seasonal 
compensation of rmcrobial production and resplratiisn in a 
tsmperate sea. Mar Eco1 Prog Ser 187:63-57 

Serret P, Robinson C, Fernández E, Teira E, Tilstone G (2001) 
Latitudinal variation of the balance brtween piankton 
photosynthesis and respiration in the eastern Atlantic 
Ocean. LUnnol Oceanogr 46(?]:1642-1652 

Sherr EB, Sherr BF (1998) Role of microbes in pelagic food 
webs: a revised concept. Limnol Oceanogr 33:1225-1227 

Smith SV, Mackenzie FT (1987) The ocean as a ner heterotro- 
phic system: implications from the carbon biogeochemical 
cycle. Global Biogeochem Cycles 1:18?-198 

Uz BM. Yoder JA, Osychny V (2001) Pumpmg oi nutrients 
to ocean surface waters by the action of propagating 
planetary waves. Nature 409.597-600 

Van Camp L, Nykjaer L, Mittelstaedt E, Schlittenhardt P 
(1991j UpweIiing and b o u n d q  ckculation off Northwest 
Africa as depided by infrared and visible sateiiite obser- 
vations. Prog Oceanogr 26:357-402 

Venrick EL (1990) Mesoscaie patterns of chiorophyli a in the 
central north Pacific. Deep-Sea Res 1 37:101?-1031 

Walsh JJ (1991) impocance of continental rnargins in the 
marine biogeochemical q c h g  of carbon and nitrogen. 
Nature 35053-55 

Williarns PJLeB (1981) Microbial contribution to overail 
marine plankton metabolism: direct measurements of 
respiration. Oceanol Acta 4:353-364 

Williams PJLeB (1993) A review of measurements of respira- 
tion rates of marine plankton populanons. in: Hobbie JE. 
W&arns PJLeB (eds) Heterotrophic activity in the sea. 
Plenum Press, New York, p 357-390 

U'ikams PJLeB (1998) The balance of plankton respiration 
and photosynthesis in the open oceans. Nature 394:53-59 

\Vdhams PJLeB (2000) Net production, gross production and 
respiraüon: what are the in te rco~ecuons  and wnat con- 
trols what? In: Hanson RB, Ducklow HW, Field JG (edsj 
The changing ocean carbon cycle: a midterm synthesis of 
h e  Joint Global Ocean Flux Study, IGBP Series 3. Cam- 
bridge University Press, Cambndge, p 37-60 

Slrilliarns PJLeB, Bowers DG (1999) Regional carbon irn- 
balances in the oceans. Science 284:1735b 

liJ&azx PJLeE, Jenkinson h%' (1982) A transportable rnicro- 
processor-controlled precise WinMer titration suitable for 
field station and shipboard use. Lirnnol Oceanogr 27: 
576-584 

Wollast R. Choa L (2000) The carbon cycle at the ocean 
margiri in the northern GuLI af Bisc&y. Deep-Sea Res i1 
46:3265-S833 


