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Abstract. The Beta Triangle, a region of the oligotrophic the nitrogen supply of surface water. These processes can
subtropical eastern North Atlantic Ocean, is notorious for itsclose part of the enigmatic carbon and nitrogen balances in
enigmatic oxygen, carbon, and nitrogen balances, in whiclthe Beta Triangle. There are, however, no comparable pro-
nutrient supply is said to explain only a fraction of production cesses which can explain the equally enigmatic situation con-
necessary for estimated carbon export. Rates of dissolvederning phosphorus supply in this area.

organic carbon accumulation and dissolved organic nitrogen
utilization in surface water and an assessment of oxygen uti-

lized, organic matter consumed, and nitrate and phosphat¢ |niroduction

regenerated in subsurface water, show that conventional pro-

duction estimates miss substantial shares of biotic produci.1 The problem

tion.

The shallow export of total organic carbon, predominantly The biotic contribution to the air-sea flux of carbon dioxide
dissolved (DOC), by subduction is responsible for about 50-in the oligotrophic subtropical gyres of the oceans has been
70% of apparent oxygen utilization in subsurface water be-discussed controversially regarding its magnitude and even
tween the base of the surface layer at ca. 140 m and ca. 195 iig direction (del Giorgio et al., 1997; Williams, 1998; Ser-
depth, but it is insignificant below. Additionally, there is an ret et al., 2001, 2009; del Giorgio and Duarte, 2002; Lopez-
estimated accumulation of 1.0 to 1.75mol DOC%a ! in Urrutia et al., 2006; Riser and Johnson, 2008; a short history
surface water. Including DOC dynamics in its carbon bal- Of the ensuing controversy is given by Williams et al., 2004).
ance reveals the surface of this ultra-oligotrophic part of theThese regions have been described to be heterotrophic, i.e.
ocean to be net autotrophic. more organic carbon is thought to be consumed there than

Increasing subsurface values of excess nitrogen (DINxsproduced — even within the productive surface layer, the eu-
imply the export of nitrogen from surface water stemming Photic zone. Assuming this layer to be in contact with the
from production not exclusively fuelled by new nitrate sup- atmosphere (an assumption valid generally, but not every-
plied from below. Total organic nitrogen (almost exclusively Where; Oschlies and &hler, 2004), this would imply that
dissolved, DON) is consumed in the surface layer at a rate ePiota add CQ to surface water contributing to a source of
timated at 0.13 to 0.23 molnfa~1. There is no variationin  CO to the atmosphere in the oligotrophic regions of the
dissolved Organic phosphorus (DOP) in the same direction_SUbtropica| oceans. While in the discussion about the het-
DON utilization thus contributes to the pronounced subsur-erotrophy of the oligotrophic parts of the ocean the question
face DINXxs signature. of CO, flux was not addressed directly, it is straightforward

DOC export and accumulation are important in the carbont0 imply that heterotrophy contributes to locally adding£CO
balance in surface and near-surface water. DON utilizatiorfO the atmosphere, an effect not negligible considering the

and, probably, M fixation contribute significant amounts to large area such regions cover in the ocean. The notion of the
oligotrophic ocean to be heterotrophic is not supported by all

approaches though. Experimental and in-situ geochemical
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There is the case of primary production measurements In the “Beta Triangle”, a region of the oligotrophic sub-
(Steemann-Nielsen, 1952), for example. One of their shorttropical eastern North Atlantic (Fig. 1), such analyses of oxy-
comings is that they have been introduced as measuremenggen utilization rates in subsurface water imply a high rate of
of particulate-matter production and as a rule been carorganic matter decomposition which, as it is considered to
ried out as such (Parsons et al., 1984), i.e. neglecting thée based on organic matter exported vertically from surface
production of dissolved organic carbon (DOC). It has be-water, would mean that the “surface fixation of carbon ... is
come known, however, that the net accumulation of DOCmany times greater than deduced fr&t@ assimilation tech-
in surface water (Peltzer and Hayward, 1996; Hansell, 2002niques” (Jenkins, 1982). The postulated high export from the
Kahler and Koeve, 2001) as well as its export can be im-surface thought to fuel this high subsurface oxygen utiliza-
portant (Doval and Hansell, 2000) in regional carbon bal-tion corresponds to either a large — and yet unexplained — au-
ances. While standard primary-production measurementsotrophic component in the surface layer or another organic
record the uptake ot*C into particulate matter only, the matter source there, equally not identified.
standard organic-matter consumption measurement by oxy- In oceanic organic-matter budgeting, yet another common
gen consumption record the reaction of particulate and dismethod to estimate net production (which in the long run
solved matter. Therefore, balances of production and respiis equalized with new production; Williams, 1993) is from
ration which use Steemann-Nielsen production and oxygemitrate consumption in, or nitrate supply to, surface water
consumption measurements are intrinsically biased towardéEppley and Petersen, 1979) — a simplified adaption of the
heterotrophy. In principle, the alternative experimental de-new production concept of Dugdale and Goering (1967). To
termination of net production from oxygen change in incu- transform nitrogen units into carbon units, the Redfield ra-
bation bottles (Gaarder and Gran, 1927) is flawless in this retio (moles CN:P=10616:1; Redfield et al., 1963) is widely
spect, but, oddly, it is also with this method that oligotrophic used. The molar oxygen demand for such organic matter
oceanic systems have been described as (albeit slightly) hete be completely oxydized (with GOand NG among the
erotrophic (Williams et al., 2004; Duarte et al., 1999) while products of remineralization) is 138 mopCHence the com-
in the same places, in-situ oxygen measurements and othglete Redfield ratio of @C:N:P=13810616:1. Modifica-
data suggest autotrophy (Karl et al., 2003; Riser and Johntions to it suggested e.g. by Takahashi et al. (1985), Minster
son, 2008). and Boulahdid (1987), Andersen and Sarmiento (1994) and

A different way of estimating rates of reaction in the ocean Korzinger et al. (2001), account for differences observed in
is from differences in the stocks of nutrients, oxygen, anddifferent ocean basins and the fact that the oxidation state of
organic matter in the direction of water transport combinedcarbon in organic mater is not exactly that of carbohydrates
with water transport rates. The differences in stocks of re-and more oxygen is needed for its oxidation toZCQheir
actants or products (forming gradients) are ascribed to theatios differ from the Redfield ratio, but not to an extent to
production-related processes of nutrient consumption or resubstantially alter our conclusions. It is the:O ratio sug-
generation and the build-up or breakdown of organic mattergested by Anderson (1995) of 1306 which we will use in
the latter coupled with oxygen consumption. This is possi-the following.
ble where the mixing of water masses of different preformed Budgets of C and N composed using the simplified new
values is absent or negligible, and, in the case of oxygenproduction concept and the Redfield ratio are also not always
air-sea exchange is absent (as it is in subsurface water). Konsistent. In the Beta Triangle region it is not only primary
water transport rates along the gradients are known, produgsroduction as commonly measured, but also nitrate supply
tion and consumption rates of any substance can be calcue the surface, which falls short of the needs of a produc-
lated as the product of its concentration gradient and the bulkion necessary to fuel deep oxygen utilization. The oxygen
transport rate of water. Thus determined, production or contilization rate (OUR) of 5.7 mol @ per square metre and
sumption rates are free from incubation artefacts and ceryear (Jenkins, 1982) implies a net production equivalent of
tain methodological shortcomings. They are representativé.61 molnt2a-1 nitrogen utilization, whereas vertical dif-
of larger scales of time (months to decades) and space (hurfusive nitrate supply, at that time considered the only impor-
dreds of kilometres) than those from local incubations, whichtant source of N to the surface in the open ocean, was esti-
are typically conducted for hours to a day on a few days at semated at 0.05molN m? a1 by Lewis et al. (1986), a rate
lected locations. On such large scales of space and time, evaecently reproduced in its magnitude in an eddy-resolving
extremely small rates of reaction can be perceived, when difmodel by Oschlies (2002a).
ferences formed over months or years rather than hours are This leaves an unexplained deficit of 0.56 mol Nfa 1
analysed. The estimates are, however, subject to errors in th@bout ninety percent) when applying the concept of new and
physical transport-rate estimates of water. Furthermore thegxport production with nitrate as the only nitrogen source and
rely on the assumption of steady state; i.e. observed gradiall participating elements in the Redfield ratio (in the follow-
ents and water transport rates are considered to be constaintg referred to as “the conventional concept”). Alternatively,
and permanent. an oxygen consumption of about 5.2mel@ 2a ! inde-

pendent of nitrate utilization would need to be explained.
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an explicit representation of eddy/wind interaction confirmed
the low estimate of Oschlies (2002b), however.

Also, diffusive nitrate supply to the surface may itself have
been underestimated by state-of-the-art methods. Account-
ing for double diffusion (as suggested by Hamilton et al.,
1989), vertical diffusive nitrate input was adjusted upward
by a factor of two to 0.1 mol m? a~1 by Dietze et al. (2004)
compared to previous estimates (Lewis et al., 1986; Oschlies,
2002a). Adding up the combined effect of physical trans-
port mechanisms into the nutrient-consuming surface layer
(which include the net effect of eddy pumping, internal-wave
induced diffusion and double diffusion, and, finally, net sur-
face advection) yielded a net nitrate input into the surface

36OW 30°W  24%W  18°W  12°W layer of the study area of 0.15 mol Ntha ! (Dietze et al.,
2004). This is still far from the 0.61molNTfa! con-
Fig. 1. Cruise track with stations (o). The triangle is the Beta Trian- jectured as needed to satisfy the nitrogen demand calculated
gle of Jenkins (1982, 1987), x marks the location of Lewis’ (1983) from the subsurface oxygen utilization rate (OUR).
estimate of diffusive nitrate supply. Arrows sketch the pathway of The term carbon overconsumption has been coined for car-
surface currents: Azores Current (AC), Canary Current (CC) andbon uptake higher than the Redfield-ratio equivalent of con-
North Equatorial Current (NEC). sumed nitrate (Sambrotto et al., 1993; Toggweiler, 1993). It
affects regional budgets of carbon and nitrate in surface water
only if the excess carbon fixed is stored or exported. The ac-
Such inconsistency of the conventional concept, i.e. a miscumulation, and export of dissolved organic matter of a large
match between organic matter production in the RedfieldC:N ratio can explain carbon overconsumption as shown by
ratio and nitrate supply, is a general, and as yet unexKahler and Koeve (2001) anddkzinger et al. (2001) for
plained, problem in the oligotrophic subtropical gyres (Mann the temperate eastern North Atlantic, but to a considerably
and Lazier, 1991; Sarmiento and Gruber, 2006). In thesmaller extent than suggested for that area by Sambrotto
western North Atlantic Ocean similar findings led to what et al. (1993). In these studies, excess carbon showed to be
became known as the “Bermuda Paradox”, where organidixed during summer, a season of nutrient depletion and high
matter production implied from CfOdrawdown continues temperature in surface water, i.e. when conditions were sim-
without observed nutrient consumption, of which Michaels ilar to those of the oligotrophic subtropics. Koeve (2004,
et al. (1994) and Lipschultz et al. (2002) give accounts.2005) showed again that carbon overconsumption in the tem-
Mourifio-Carballido and Neuer (2008) describe the carbon-perate eastern North Atlantic is considerably lower than de-
nitrogen mismatch described in the North Atlantic subtrop-scribed by Sambrotto et al. (1993) and not associated with
ical gyre as the “conundrum of missing nutrients” and “the the spring bloom, but with a season of nutrient depletion.

35°N

30°N

25°N

20°N

15°N

conundrum of missing organic carbon”. A large CN ratio may be the result of a small amount of
nitrogen rather than a large one of C. Thus, should there be
1.2 Possible solutions sources of nitrogen utilized for production in addition to the

nitrate considered, the:RO3 ratio would likewise be high.
There is an ongoing discussion about eddies being able to eNote that the utilization of unaccounted-for nitrogen cannot
fectively inject nitrate into surface surface water in addition be distinguished from carbon overconsumption as it was de-
to diffusive supply. Jenkins and Wallace (1992) and McGuil- scribed by Sambrotto et al. (1993). A DNXIOs ratio indi-
licuddy et al. (1998) argued that the upward displacement ofcating carbon overconsumption may thus in fact point to the
isopycnals and nutriclines associated with eddies might efneglect of nitrogen sources for new production. Taking ni-
fectively lift nitrate to the surface, potentially adding extra trate for total new nitrogen excludes nitrogen sources such
nutrients. A model study by Oschlies (2002b) refuted thisas dissolved organic nitrogen (DON) and N from nitrogen
idea (basically because any extra nutrient input by eddies is dixation and atmospheric sources.
the expense of other nutrient-adding mechanisms) and con- In this study we investigate possible solutions to the
strained the additional nitrate supply to the surface inducedtarbon-nitrogen mismatch of the conventional concept in the
by eddies to less than 0.05 mottha—1. Recent observations Beta Triangle region. Total organic matter, nutrient, and oxy-
in a mode-water eddy showing a massive supply of nutrientgen analyses were performed to study excess carbon from,
to the surface driven by eddy/wind interaction (McGillicuddy and additional nitrogen sources for, organic matter produc-
etal., 2007; Ledwell et al. 2008) revived the discussion sincetion. We estimate two rates which are not included in the con-
earlier model studies had not included this particular mechaventional concept: the accumulation of DOC and the utiliza-
nism. A model study by Eden and Dietze (2009), including tion of DON in surface water. We also assess the importance
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of DOM export for subsurface oxygen utilization as well us, is the subject of Dietze et al. (2004), and diffusive fluxes
as phosphorus, nitrogen, and excess nitrogen regeneratiogiven there are used here.
The latter was suggested as a proxy of nitrogen fixation by
Michaels et al. (1996) and Gruber and Sarmiento (1997). We
evaluate the possibilities and limitations of this concept for3 Results
the study area. Where_ possible (i.e. in §ubsurface water) W%.l Subsurface water: oxygen, DOC, and nutrients:
compare our results with those of Jenkins (1982, 1987), be- . .
i . . subduction and reaction
cause his work opened the still ensuing controversy about

the carbon (or the trophic) and nutrient balances of the olig-p \vater mass analysis revealed a pronounced boundary be-

otrophic subtropical ocean. tween North Atlantic central water and South Atlantic central
water at about 23N (Dietze et al., 2004). Focusing on water
masses of northern origin, isopycnal gradients are therefore

2 Methods determined only for the region north of this boundary, i.e.
the southernmost data point we use is at 2R.9This is es-

Data for this study were obtained during two cruises into theSentially that part of our transect which is within the Beta
subtropical North Atlantic, conducted aboard the FS Posei-Tfiangle (Fig. 1a). AOU and other properties analyzed along
don. The first cruise took place between 14 April and 4 May the 2002 Section are given in Figs. 2—6. In each case, the top
2001. A second cruise took place from 10-22 March 2002 Panel gives a contour plot of the concentration of the respec-
This cruise track and stations are shown in Fig. 1. tive substance or property. The five lower panels give the
Nutrients (nitrate, nitrite, phosphate, silicate) were mea_values interpolated onto five density levels and a linear re-

sured following standard protocols as described by Grasshoi?ressmn through these between latitude 2R @nd 31.6 N
et al. (1983) using an autoanalyzer, total dissolved P photo or the northern outcrop around 2718 in case of the up-

metrically after persulfate digestion, TOC and TDN by high- permpst density level). We use the same density levels as
temperature oxidation as described btHfer et al. (1997). Jenkins (1982, 1987) for in this part of our work we attempt

POC and PON were recovered with GFfilters and mea- to be as close_ as poss_ible to his qlescription. Table 1_ lists
sured by QN analyzer (Heraeus Elemental Analyser, Ele- the concentration gradients over distance (degrees latitude)

mentar, Hanau, Germany; Ehrhardt and Koeve, 1999), Po,gbtained from the regressions.

by phosphate analysis after persulfate digestion of particles Cor?parison of these gradients ﬁhOWS the Telatifve impor-
collected on GFF filters (Grasshoff et al., 1983). Oxy- tance of various processes on each isopycnal surface. Note

gen measurements were by Winkler titration with optical that all waters of a particular density class are formed un-

endpoint determination (SIS Sensoren Instrumente GmbHéjer similar lcondl'ﬂons |n.ther(]easter(|; North Atlantlhc ang that
Schwentinental, Germany; Grasshoff et al., 1983). Thelfansport along the section has a dominant southward com-
ponent, any differences on each density level, given with

WOCE standard was met (SIS Instruments manual). ) X ) k ;
respect to distance, represent different times since the time

Combining water transport rates and gradients in stocks : . .
. taken to cover the respective distances varies among the den-
rates of reaction can be calculated. Three transport modes. . i : S
must be considered for a complete balance: firstl subsur-S'ty intervals; the shallower the isopycnal, the faster is its
P ' Y southward water movement (Jenkins, 1987; his Table 3). We

f_ace water transport ra t es of subdgcted water were used t.o €3id not collect data allowing age determinations of the water
timate the decomposition of organlc_matter from the gra.d.'emin the presented transect. Rates of reaction are therefore not
of AOU and apparent water age (giving the oxygen utiliza- iven here. Assuming a single end-member model, relative
tion rate, OUR) by Jenkins (1982, 1987). We did not mea-9. - Assuming a sing ! '

' ! ) o differences are independent of the time component, though,
sure any proxy to calculate the time component in this depthand since on any one density surface the same (unknown)
range, and we can therefore only compare states (rather th%nme component applies, relative differences also represent

rates) between his work and ours. We interpolate the proper-_, ..
relative rates.

ties measured by us in the same density intervals for which General: In comparing the gradients with each other, we

Jenk!ns (1987). rep_orted his oxygen utilization rates to ENSUTE otice that the Redfield ratio EN:P) is not expressed on
consistency with his work. In this way our results are com-

. any density interval. For example, the value of- O3 of
address the questions raised there %.4 (=15016) is exceeded near the surface (15.4) and much
o ) ) lower below (5.3 to 6.2). Since the Refield ratio has been
Secondly, surface current velocity combined with changesseqd to deduce nitrogen regeneration from oxygen demand,

in stocks in the direction of the current were used to estimatgne geyiation may be taken as a first hint that the conventional
the rates of TOC accumulation and TON consumption in SUr-,cent in which all reactants follow the Redfield ratio, is

faqe water. It was measured_ continuously with a_VM-ADCP not suited to interpret our dataset.
(Dietze et al., 2004). The third transport rate of importance,
vertical (diffusive) exchange along the transect studied by
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Table 1. Slopes of properties along 3V between 22.9 and 32 on isopycnal surfaces, and selected ratios.

AAQOU AAOU @ ATOC ANO. APOy ADIN AAQU ANO ADIN
%0 Mean depth ACTah ACTa ACTa ACTaD ACTaY A("Ia)t()s ANO; PO ANOES x 100
—3 —3 —3 —3 —3 —3
(h (o) (mgm) (mgy)) (oge) () (e) 0o
26.2 140 43 1 -3.0 0.28 0.013 0.076 154 215 27
26.35 170 1.9 1.25 -0.97 0.35 0.017 0.080 54 206 23
26.5 220 2.0 3 - 0.35 0.019 0.040 57 184 11
26.62 280 1.6 45 - 0.3 0.015 0.057 53 200 19
26.85 395 1.8 5 - 0.29 0.011 0.11 6.2 264 38
@from Jenkins (1987).
AOU (Fig. 2): We use our measurements of oxygen and AOU [mmolim?¥]
calculated oxygen deficits to test whether the oxygen distri- " ma_ s 200

bution as the basis of the oxygen utilization rates reported g **°
by Jenkins (1982, 1987) could be reproduced along the tran-gigg
sect covered by us. AOU gradients read from the maps givens , |
by Jenkins (1987) along 3@V between 23 and 3N are

given for comparison in Table 1. The differences are con-

150
100
50
0

siderable, indicating substantial variation which shows that %202 : i degee
the assumption of steady state is not justified. We observe o © © a3
higher AOU gradients on upper and lower ones on deeper ot : ‘ O*m@ﬁro ‘
isopycnals. There is agreement in overall magnitude though, ' _ 0,=2635
i.e. high rates of oxygen consumption are implied also during | o ° 5 5 o
our study. This indicates that the Beta Triangle’s mismatch oo e—ero0
between OUR and nitrate supply described in the introduc- 0 0,=265
tion should be a long-term feature, visible in our data. 10 ° o

TOC (Fig. 3): TOC decrease is significant only in the up- sof —GO\OW 20
permost two isopycnals, i.e. in the density range®£26.2 : — 03 :
and 26.35, or down to about 195m only. In these two lay-  1° i ;
ers 69 and 51% of the oxygen consumption can be ascribec | _O_&H_Pe_‘ 16
to the breakdown of TOC (assuming the oxidation state of its ° ©
carbon to be zero). The trends below, small decreases or eve © %208
small increases, are insignificant. Particulate organic carbon %[ o S s
displays a small gradient in the range concerned (data not  sof ‘ ‘ Oﬁre'e’?o—o—e—

shown), hence the TOC decrease is almost exclusively from &N 20°N 22°N 24°N 26°N  28°N  30°N

dissolved organic carbon (DOC).

. . ] . « Fig. 2. Latitudinal section of apparent oxygen utilization (AOU,
Nitrate (Fig. 4): The straightforward way to assess nitro mmol O, m—3) along 30 W (2002 Section, upper panel) and lati-

g_en rer_nmerahsaﬂon ".1 subsurface Water§ is to analyse th?udinal gradients of AOU along isopycnal intervals (lower panels).
nltra_tte mcrea_se along |s_0pycnal surfaces in Fhe same W"fly 8fhe data south of 22°N are not included in the regression for they
the increase in AOU. This would reveal the nitrogen require- 5re influenced by water of southern origin.

ments of exported production directly and without the need
of assumptions about the,\ stoichiometry as are neces-

sary in the indirect calculation of nitrogen regeneration from ] ] ]
oxygen changes. Our results are that nitrate increase is eveiffiPed in the introduction, therefore, should also be one of

higher when taken directly as opposed to nitrate calculated®0SPhate supply vs. oxygen consumption. Phosphorus re-
from AOU using the Redfield ratio because theMratios genergtlon_ in subsurface water should equally be far greater
are much lower than 1506 (=9.4) except for the uppermost  than diffusive phosphorus supply to the surface.
density interval (Table 1). Excess nitrogen (Fig. 6): Any process adding nitrogen to
Phosphate (Fig. 5): as with nitrate, phosphorus regenerthe system but not phosphorus, or adding nutrients in a ra-
ation is higher than the Redfield ratio equivalent calculatedtio wider than the Redfield i ratio, will tend to inflate the
from AOU change. The enigmatic relationship between ni-N:P ratios above the Redfield ratio proportion. This can oc-
trate supply to the surface (Dietze et al., 2004) and subsurfaceur both in living organic matter (Karl et al., 1995) and its
oxygen consumption translated into nitrate regeneration dedecomposition products, and was observed in our study area.

www.biogeosciences.net/7/1143/2010/ Biogeosciences, 7, 11882010
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TOC [mmol/m3] NO, [mmol/m®]
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Fig. 3.  Latitudinal section of total organic carbon (TOC, Fig 4. Latitudinal section of nitrate (incl. nitrite, mmol N@Nn—3)
mmol C n-3) along 30 W (2002 Section, upper panel) and lati- ajong 30 W (2002 Section, upper panel) and latitudinal gradients
tudinal gradients of TOC along isopycnal intervals (lower panels). of pitrate along isopycnal intervals (lower panels). The data south
The data south of 22°N are not included in the regression forthey of 22 @ N are not included in the regression for they are influenced
are influenced by water of southern origin. by water of southern origin.

The average P ratio of bulk organic matter was 23 (com- the same confidence as TOC since we lack reliable subsur-

pared with 16 of the Redfield ratio, Fig. 7), and the ratio with . . : :
which NO; and PQ are supplied to surface water from be- face TON data. An es_tlme_lte is possible assuming that the
deep water concentration is equal to the lowest concentra-

low is also 23 (Dietze et al,, 2004). Supposing excess SUbfion measured by us and that this concentration is approached
surface nitrate to ultimately stem from the export and break—after sub ductionyof the water and TON break dovxF/)np analo-
down of organic matter enriched in N by,Kxation, the dy-

namics of this term has been used to quantify the effect of ni-Jous to TOC breakdown. We define the amount of TON

trogen fixation (Michaels et al., 1996; Gruber and Sarmiento,gggggqn?;?odn as_l'fﬂg ?A&%:tn?eggﬁyssnv;rluz ?Qdotjhre d;‘:g:gf
1997). We define excess nitrate as :

is 4.6 umol TON dm3, which is similar to the concentra-
DINxs=NOs; +NO,—16"PQy (1 tion measured by Bourbonnais et al. (2009) in surface wa-
ter in the region of the Azores Front, to the north-east of our
(i.e. include N@, but neglect ammonium which was unim- study area, and to deep water concentrations given by Vidal
portant.) The notation DINxs was introduced by Hansell €t al. (1999) and Hansell and Carlson (2001) for stations in
et al. (2004a). DINXxs is similar to the N* parameter of Gru- the tropical and subtropical North Atlantic. An estimate of
ber and Sarmiento (1997), but lacks an offset and a scalthe probable amount of TON exported and broken down is
ing factor. A region of positive DINxs is observed in the possible for the two uppermost isopycnals only because only
oligotrophic centre of the studied transect between 150 andhese two crop out within the transect studied, and it is only
400 m (Fig. 6). Comparing the gradients of DINxs with those in these that surface TON concentrations are available.
of nitrate shows that between 11 and 38% of nitrate regener- The  differences of surface TON  against
ation is excess nitrate depending on density layer. 4.6 pumol TONdm® between 239 and 28 are
TON: along with TOC there is organic nitrogen (TON), 1.0 umoldnT® (for 0p=26.2), and 1.34pumoldn? be-
which is exported from the surface and decomposed in subtween 23.9 and 3O (for 0p=26.35), respectively, or 0.24
surface water. We cannot quantify this component withand 0.22 pmol TONdm® per degree latitude. The:i8
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Fig. 5. Latitudinal section of phosphate (mmol p®~3) along Fig. 6. Latitudinal section of excess nitrate (incl. nitrite, DINXs;
30° W (2002 Section, upper panel) and latitudinal gradients of mmolNm~3) along 30 W (2002 Section, upper panel) and lati-
phosphate along isopycnal intervals (lower panels). The data soutkidinal gradients of excess nitrate along isopycnal intervals (lower
of 22.9 N are not included in the regression for they are influenced panels). The data south of 229 are not included in the regression
by water of southern origin. for they are influenced by water of southern origin.

ratios of dissolved organic matter export and subsurfacéA rise in DOC and a drop of DON is observed in north-south
degradation (delta C per degree latitude from Table 1) arglirection while the concentration of TOP displays no trend.
12.5 &3/0.24, for 00=26.2) and 4.4 £0.97/0.22, for The system of water movement in the suptropical gyre is
00=26.35). not only characterized by subduction, but also by surface cur-
The associated phosphorus (total dissolved phosphorents (Fig. 1a). There is a pronounced southward component
rus, TOP) estimated in the same way as TON (Sur-(i.e. in the direction of our 2002 Section) in the near-surface
face value: 0.15umolTOPdm, deep water value: flow in the Beta Triangle. The recompilation of the drogue
0.10 pmol TOP dm3) shows that the proportion of TON and data of Btigge (1995) yields a mean southward component
TOP change is above the Redfield ratio (20 and 27 comparedf 3.9cms? at 100 m depth in the box bounded by 35—
with 16). Hence the export and decomposition of TON and25° W and 26—-32N. The surface velocities measured con-
TOP does probably contribute to excess nitrate build-up intinuously during our 2002 Cruise were 7.0 ciitsaveraged
subsurface water of the study area, by 20%cfpr:26.2 and  vertically from 26-100 m depth and horizontally from 24—
by 40% forop=26.2. This result is in agreement with anal- 32° N on 30 W.
yses of Landolfi (2005) and Landolfi et al. (2008), who em-  Taking these surface current velocities combined with the
phasized the importance of dissolved organic nutrients forgbserved north-south surface gradients of TOC and TON

the build-up of DINxs in oligotrophic gyres. yield their rates of production and consumption, respectively.
Surface (0-100m depth) TOC concentrations increased

3.2 Surface water: DOC accumulation, DON from 68.7 mmol 2 at 31.5 N to 75.4 mmol m3 at 22.9 N
consumption, and constancy of DOP (Fig. 8). The two estimates of the surface current allow us

to estimate rates of TOC build-up in surface water as 1.0
Figure 8 gives the north-south distribution of the concentra-and 1.75mol TOC m?a~1, respectively. These are coarse
tions of TOC, TON, and TOP (total dissolved carbon, ni- order-of-magnitude estimates since the westward component
trogen and phosphorus, resp.) in surface water (0—100 m)f the current is ignored, as is any possible (e.g. seasonal)
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Fig. 7. N:P ratios in samples of particulate matter collected in the

upper 200 m during March 2001 on a transect betweer’2ar®l  from the distribution of properties during the limited time

32 N. of a single cruise is not possible. Seasonal differences be-
tween the study of Jenkins (1982, 1987) and ours are ev-

iation in both loci d DOC aradi It still ident. For example, isopycnal layers reaching the surface
variation in both current velocity an gradient. Itstill \ipin oyr transect ¢p=26.2 and 26.35) during our study

reveals surfgce TOC accumulation as a potentially importa%vere well below the surface in Jenkins’ studies — a seasonal
component in the carbon cycle. There is on_Iy a smal_l grad"effect between spring (our study) and autumn (data for Jenk-
entin POC content along the transect, and its slope is 0pPOR: o ies were taken late October 1979, Jenkins, 1987). It
site to that of the TOC gra@en_t (data not ShO.W”)- Hence, thﬁs probably therefore, that the subduction and decomposition
observed TOC accumulation is caused by d'SSOI.Ved organiGs poc including its large effect on AOU which we observed
Carborf1 ng z;lo_? de. Note that evzn the;gzher esltlma_te of thﬁ"‘n the upper two isopycnal surfaces, has been absent or less
rate o ; uiid-up corresponads to 0.02 umel Exuiva- pronounced in his studies: our gradients of AOU with lati-
!ents per I|.tre and day .only, Wh'Ch.'S well below th_e a_nalyt- tude are 4.3 to 1.8 mmolnt per degree latitude, from top to
ical precision of the Winkler technique of,@etermination bottom (Table 1); Jenkins’' (1987) AOU gradients, read from
(ct. Williams et al., 2004). the geographical distribution along 3@/ were, in the same

Surfac% TON concentration dropped from 6.1 10 5.2 a4t dinal interval, 1-5 mmol m? per degree latitude, from
pmol dnT° between 31.5 and 22.9l while surface TOP (to- top to bottom (Table 1).

tal organic phosphorus) was constant over the same distance
at 0.15, to rise to 0.33 umol dm only further south (Fig. 8).
With a mean surface current of 7.0 (3.9) cntsheading
south the difference of 0.9 umol dr corresponds to TON
consumption along the transect of 0.23 (0.13) mofmai !
in the upper 100 m.

Reasons for not providing vertical integrals of rates of re-
action (prerequisite for a regional balance) are that we have
no measure of the time component of the gradients we de-
scribe taken at the same time. Age distributions of water
masses in the study area are given by Jenkins (1987) and
Hansell et al. (2004a). A comparison shows that the respec-
tive rates of water transport differ considerably.

Also, our study concerns only the surface 100m and
a layer between ca. 140 and 500m. The work of Jenkins
(1982, 1987) showed that about one third of the ongoing oxy-
gen consumption was below 500 m where we did not collect

When planning the work described in this study, we intendedsamples. Thirdly, our north-south transect is not perfectly
to fit the measurements we made into an extended balance &1 the direction of the prevailing currents, and the condition
carbon and nitrogen using the measured concentrations conibat no mixing-in of alien water is not completely true; Jenk-
bined with times of reaction provided in the literature (Jenk- ins (1987) estimates a maximum contribution of 10%.

ins, 1982, 1987). This proved to be illusory, since this would Finally, to construct a balance would mean to combine
have relied on a number of assumptions which showed not talata representative of different time scales. The nearer to
apply. The state of the environment was found to be differ-the surface, the shorter is the time which is represented in
ent during our study from that of Jenkins, showing that onethe transect studied by us. Jenkins (1987) gives 0.4 year
precondition for establishing a representative annual budgein the 09p=26.2 isopycnal (near-surface) and 1.9 years for

4 Discussion

4.1 Limitations and possibilities of our approach
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00=26.85 (the deepest isopycnal sampled by us), as readitrogen-balance of the Beta Triangle region, our study still
from the distributions of water age in Figs. 4-8 of Jenk- shows that there are important biotic transformations of car-
ins (1987). Hansell et al. (2004a) give less than a year foibon and nitrogen in the study area, which are not included
00=26 and 3-4 years fosg=26.5, derived from analyses in the conventional concept of production in the ocean. The
of CFC content for the same latitudinal range alon§\80  processes are: the accumulation of DOC in surface water, its
Therefore, a possible seasonality of the gradients and curpartial export to shallow depths and its breakdown there, and
rents would influence especially the near-surface results buthe net consumption of DON (but not DOP) in surface water
would be levelled in deeper strata. Vertical integration wouldin an amount likely to be responsible for subsurface DINXs.
combine rates representative of different times. Also the sur- A number of statements concerning the questions treated
face rates which we report are representative only of the sitin the introduction of this study can be made.
uation which we encountered during the cruise.

While these reservations are serious drawbacks to the corft-2  The oligotrophic ocean in the Beta Triangle region

struction of an annual balance, general conclusions con- i autotrophic
cerning the importance of the processes studied can still be , i i i
drawn. The notion of the subtropical oligotrophic areas of the ocean

The time elapsed since water left the surface mixed laye€iNg heterotrophic has been developed from compilations

(i.e. water age) does not increase monotonically towards th@f €xperimental data, namely the measurements of photosyn-

south on a given isopycnal, and inputs into the respective |ay§hesis, respiration, or carbon demand calculated from the de-

ers cannot be expected to be constant. This shows in the d&€rminations of bacterial growth rates. In most publications
viations of our data from the linear trend of the regressionadvocatmg a heterotrophic oligotrophic ocean the substrate

lines. On spacial scales larger than eddy scales (which apt_o support respiration in excess of autotrophic production is

plies to our transects extending over more than 200 km) {10t mentioned. _

can be assumed with high certainty that water age is higher Snould this notion be true, a transport of organic mat-
in the south than in the north. On average, age will increasd€" INto the oligotrophic gyres, and its consumption there,
towards the south, and to use linear trends of concentration§"ould be observed, i.e. the surface concentration should
along isopycnals in north-south direction provides a meandIroP @s water approaches the centre of the gyre. Our data
of averaging the data. Note that all conclusions drawn couldnOW an increase rather than a decrease of organic matter in

be obtained as well by just comparing data at the northernihe direction of the current, i.e. organic matter is produced
most station with those at 28l. rather than consumed. This organic matter build-up in sur-

Whether our transect is exactly aligned with the current or @Ce water shows it to be autotrophic unambiguously. To this

not does not concern the validity of our conclusions since the®rganic-matter build-up any organic matter exported from
outcrop locations of the two uppermost isopycnals (carriersSurface water must be added as autotrophic components, i.e.
of the bulk of the observed effects) are well within the olig- €xPorted dissolved and particulate matter, that is anything
otrophic gyre and should therefore be subducted with simila/cONtributing to subsurface oxygen utilization. _
preformed values of nutrients and oxygen. None of the data 1N€ inclusion of dissolved organic matter production as
points in Figs. 2—6 are from the mixed layer as was confirmedV€ll as its consumption in the shallow subsurface into the
from profiles taken at each station (not shown here). Oxygerf0Xygen-) carbon balance of the Beta Triangle region thus
concentrations slightly above values typical of equilibrium revegls the autotrophic state of |Fs sgrface layer. There is lat-
with the atmosphere occur (as in Jenkins’ 1987 study) in two€ra! import of DOC at depth which is consumed there (het-

data points (Fig. 2 on the 26.35 density level). This does nof"troPhy), but this is in the subsurface and does not affect

mean that the respective samples are from the mixed Iaye'ihe trophic balance of the surface layer. Interestingly, the

as other processes, both abiotic and biotic ones, such as sgistant (autotrophic) source of this organic matter, i.e. the
lar radiation penetrating below the surface mixed layer (e.g€9ions where theo=26.2 and 26.35 isopycnal layers crop

Dietze and Oschlies, 2005) or photosynthesis in the dee ut, is at the northern boundary of the Beta Triangle and thus

chlorophyll maximum are known to be potential drivers of well within the oligotrophic ocean. The regional contribu-
oversaturation in waters below the surface mixed layer. tion of the subducted DOC therefore is also autotrophic with

Where rates cannot be calculated by us for lack of agd ©SPeCt to surface water.
tracer measurements, their relative proportion is evident from Viewing the heterotrophy/autotrophy problem from the

the comparison of the gradients which they sustain in relatior2"9!€ of large-scale DOC transports Hansell et al. (2004b)
to the gradient of AOU. The comparison of states (ratherthar?valuate the trophic state of the North Atlantic. Accounting

rates) still shows that our study is suited to address the qued©r DOC transports over the boundaries of this basin they de-
tions raised by the work of Jenkins. AOU in subsurface wa-Scribe itas marginally heterotrophic as a whole, but explicitly

ter is of a similar magnitude (even larger) as the AOU which N°t heterotrophic in its subtropical parts.
had been impossible to explain within the conventional con-
cept. Despite the impossibility to provide a complete carbon-
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We conclude that surface DOC distribution and dynamicsseem possible. While carbon overconsumption has been as-
has the potential to be the solution to the apparent heterotroeribed to DOC buildup or export @hler and Koeve, 2001;
phy of the oligotrophic ocean. The surface distribution of Emerson and Hayward, 1995), the contribution of dissolved
DOC has maxima in warm oligotrophic regions and minima organic matter on thep=26.35 isopycnal is an example of
in cold nutrient-rich ones (Abell et al., 2000; Hansell, 2002; the reverse. In current applications of traditional concepts of
Kahler et al., 1997; Khler and Koeve, 2001). The pattern ocean productivity which equate nitrate supply, new, and ex-
that surface DOC concentrations increase towards the cerport production the build-up of dissolved organic matter with
tres of oligotrophy in the subtropics has been described sewariable CN ratios and its partial export are not included.
eral times and seems to be generally the case, while there iBhis, we think, is not for ignorance of its potential impor-
no description of a reverse distribution as would be necestance, but for lack of understanding the rules which govern
sary should DOC be consumed in the oligotrophic parts ofits production and consumption, its accumulation and export,
the ocean. and the elemental ratios of these.

The dynamics and distribution of DOC make it neces-
4.3 Carbon overconsumption by N-poor DOC forma-  sary to reassess the notion of the oligotrophic regions of
tion and export is important, but in surface water  the oceans having a heterotrophic surface layer by including
and shallow subsurface water only DOC in the carbon balance. Recent studies of the “metabolic
balance of the ocean” (Lopez-Urrutia et al., 2006), or the role
In the uppermost two isopycnal surfaces studied by us theyf eddies in C and N dynamics of the oligotrophic subtrop-
breakdown of DOC explains about 70 resp. 50% of oxygenjcal North Atlantic (Mourfio-Carballido, 2009) for example
consumption. While it is certainly important there, it cannot do not consider dissolved organic matter at all. Also its con-
resolve the mismatch of the carbon (oxygen)-nitrogen bal-sideration as a minor constant percentage of primary produc-
ances, since its impact extends down to maximally 195 mgijon (Rivkin and Legendre, 2001) will certainly not do where
while the bulk of oxygen consumption which is part of the pOC is a major component of the carbon cycle.
historical discrepancy is deeper than that. About 90% of the
oxygen consumption in the Beta Triangle region is occurring4.4  Nitrogen fixation may be important, but DINXs is
deeper than 200 m (Jenkins, 1987, his Table 3). a poor proxy

As far as surface water is concerned, the formation of DOC
is the one process in the C balance which is of overriding im-The DINXxs increase can be attributed tpfikation only with
portance. The increase of DOC towards the centre of olig+eservations. Obviously, any nutrient additions of largé N
otrophic subtropical gyres or, generally, along with rising proportion — not N fixation alone — would tend to produce
surface temperature and depletion of nutrients has been dex positive DINXs signature in the subsurface. Our data al-
scribed by a number of authors (Peltzer and Hayward, 1996tow to single out DON utilisation, for in our transect we ob-
Abell et al., 2000; Kahler and Koeve, 2001; Hansell, 2002) serve the net utilization of total organic nitrogen (TON) in
and seems to be a general feature of warm, nutrient poor wasurface water at an estimated rate which is two to four times
ters. Also its shallow export in these systems is recognizedhigher than nitrate supply in the area. We have no informa-
as a general feature of subtropical gyres (Abell et al., 2000tion on how this DON has originally been formed. Hansell
Doval and Hansell, 2000; Hansell, 2002). et al. (2007) suggestedyNixation to be less important than

Both components (accumulating and exported dissolvedsuggested by taking DINxs development to providefiX-
organic matter) have ® ratios deviating from Redfield ation rates. Much of the DINxs development which they
C:N ratio of 6.6. The accumulating DOC in surface water describe can be attributed to DON utilization, especially in
is accompanied by decreasing DON concentrations, henca region in which the Beta Triangle lies. However, the DON
it causes carbon overconsumption. Since in the surfacegradient must itself have been built up and maintained by
the southward DOC increase is accompanied by a dea process adding nitrogen to the system, and this may well
crease of DON, the @ ratios of the accumulated and ex- be N fixation. Another possibility is the deposition of ma-
portable/exported dissolved organic matter is continuouslyterial high in NP from the air, which Hansell et al. (2007)
increasing in this direction. The dissolved organic matteralso make responsible for much of the observed DINXxs in the
subducted and broken down in the shallow subsurface hablorth Atlantic, but this is far north-west of our study area.
an estimated @ ratio of 12.5 in the uppermost isopyc-  Global surveys of the depositions of nitrogen and phos-
nal level gp=26.2), but one of 4.4 in the next depth level phorus (Dentener et al., 2006; Mahowald et al., 2008) show
(00=26.35). Here dissolved organic matter reflects carborthat in our study area N deposition is at a minimum and P
“underconsumption” and is responsible for the low: 03 deposition at a maximum. Calculating the molaPNatio
ratio (Table 1). The composition of dissolved organic mat- for the ranges of N and P deposition, resp. provided in the
ter is not constrained by the necessity to function as a liv-global maps in these publications shows that even here there
ing organism, which is the biological basis of the Redfield is an excess of N (W=55). Compared with other sources of
ratio (Kahler and Koeve, 2001). Deviations in all direction N and P, however, deposition from the air is very small and
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thus not able to influence bulk:R ratios in the study area. The necessity or possibility of an external phosphorus in-
The estimated atmospheric P deposition would sustain onhyput has interesting bearings on the adequateness of parame-
1.6% of the production estimated by Jenkins (1987; 0.09 ofters like DINxs (this study, Hansell et al., 2002) and also N
5.7mmol Cnt?a~1, when applying the Redfield:B ratio).  of Gruber and Sarmiento (1997), and excess N of Michaels
In a similar approach using basin-wide excess nitrate comet al. (1996) as indicators of nitrogen fixation. Since by such
bined with CFC water age the eastern part of the subtropicaparameters only that nitrogen is accounted for which is in
gyre (i.e. our study area) turned out a prominent source ofurplus of that in the Redfield ratio with phosphorus, these
extra (fixed?) nitrogen for the North Atlantic (Hansell et al., parameters would not account for any nitrogen fixation based
2002). More direct and indirect evidence of fixation in on the addition of extra phosphorus. While higtPNatios
the study area collected during our cruises, both i, have been observed in organisms fixing nitrogen and in nitro-
uptake experiments, in situ N-isotope analyses, and genomigen fixing communities this cannot be considered a necessary
studies will be given in a forthcoming publication &Kler prerequisite of nitrogen fixation. It is, however, a necessary
et al., 2010). Our analysis and that of Hansell et al. (2002)prerequisite for positive DINxs development. Phosphorus
contrast with former estimates which assign nitrogen fixingadditions may support Nfixation in which organic matter
activity to more western locations in the Atlantic (Michaels in the Redfield ratio is produced. ThigMxation would not
et al., 1996; Gruber and Sarmiento, 1997). Extensive meabe detectable with any excess N parameter, however.
surements conducted there (Orcutt et al., 2001) did not reach
the level suggested by Gruber and Sarmiento (1997) though. _
Low nitrogen fixation in the west is also evidenced by the ® Conclusions

lack of seasonal variation in organic nitrogen stocks at theEstainshing a long-term complete balance of oxygen, car-

Bermuda Time Series Station (Hansell and Carlson, 2001). bon, and nutrients showed to be difficult (impossible with the
data in the literature and ours) for the transect we occupied
in the Beta Triangle. The historical mismatch of N supply

The historical mismatch was described as one betwee@nd oxygen consumption, and the resulting gaps of nitrogen
oxygen consumption (and hence carbon export producand carbon are of magnitudes though, to justify doubts in the
tion) and nitrogen supply. Our data show that with completeness of conventional approaches to such a balance,
phosphorus the situation is similar. The diffusive sup- in which biotic production and consumption are reduced to
ply of phosphorus (accounting also for double diffusion) particulate matter and nutrients to nitrate.

is 0.004 mol P@m~2a~! (Dietze et al., 2004). Phospho-  Certain processes, or their effects, which we quantified
rus demand for a production consuming 5.7 mph®2a 1 showed to be of magnitudes large enough to contribute sig-
(Jenkins, 1982) after being exported to subsurface water igificantly to filling gaps in the balances. The net production
0.04 molPQm~2a71, that is 10 times the diffusive supply. and partial export and breakdown of DOC is large and shows
It is therefore not only the supply of nitrogen to the surface the study area to be autotrophic. However, DOC dynamics is
which is insufficient to explain a new production necessaryconfined to surface water and shallow depths only, and depth
to support export of a magnitude large enough to sustain sublevels where the historical gaps showed are not affected. The
surface oxygen consumption, but equally the supply of phosutilization of nitrogen from N fixation, DON utilization, or
phorus. High rates of nitrogen fixation, DON utilization, the (small) introduction of excess N from the air combine to
or excess N deposition from the air (Hansell et al., 2007)€eXplain existing excess nitrogen in subsurface water and con-
can supply additional nitrogen, but obviously not additional tribute to close the nitrogen gap, but not the equally serious
phosphorus. phosphorus gap.

It is an external source of phosphorus which must beA nowled "Catai 4 { ES Poseid ed
searched for. Not many possibilities exist. Dissolved or-/c<nowedgements.aptain and crew o oseidon supporte
our work on two cruises. Nutrients and POM were measured

ganic phosphorus is no option in the situation we describg "o "rriicone and K. Nachtigall. This work was funded by an
since its concentrations do not vary along the direction of thelnterdisciplinary Working Group at the IFM-GEOMAR (P. K.
current. This may be different though, for example during 5ng H. D.) and by the CAU Excellence Cluster “The Future
seasons other than spring. Abell et al. (2000) describe nepcean” (P. K. and W. K.). This study profited from discussions
DOP consumption along a transect in the subtropical gyrewith B. Mourifio-Carballido and A. Landolfi. Thanks also to two
of the North Pacific, which shows that constancy of surfaceanonymous reviewers for their helpful comments.

DOP as observed by us cannot be assumed to be generally

the case. Data on DOP in, or in the vicinity of, our study Edited by: E. Boss

area (Mahaffey et al., 2004) are too scarce to recognize re-

gional or seasonal patterns.

4.5 ltis not only N which is “missing” but also P
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