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Abstract 

Subtropical ocean gyres are typically characterised by low carbon export into the deep 

ocean. However, due to their large area, even relatively small average carbon export may 

be globally significant. Strong correlations observed between deep-sea organic carbon, 

calcite and opal suggest that mineral phases may enhance the export and survival of 

organic matter as it sinks (the 'ballast effect'). However, the processes underlying these 

correlations are not well understood and remain key uncertainties in models that predict 

global carbon cycling. To better constrain carbon and mineral export from the surface 

ocean of subtropical gyres, radioactive disequilibria between 234Th and 238U were used to 

estimate fluxes of particulate organic carbon (POe), calcite and opal in the North and 

South Atlantic subtropical gyres. Samples were collected from three Atlantic Meridional 

Transect (AMT) cruises in May/June 2003 (AMT 12), September/October 2003 (AMT 

13) and April/June 2004 (AMT 14) as well as from a time series at the Porcupine Abyssal 

Plain (PAP) observatory (49° N 16.5° W) in June/July 2003-2006. 

Lowest poe export (~2 mmol e mo2 dol) was associated with the central subtropical 

gyres, where productivity was lowest (~18 mmol e m
o2 

d
O

\ characterised by tightly 

coupled regeneration based microbial food webs. Enhanced poe export (~8 mmol e mo2 

dol) typified the equatorial divergence and upwelling region north of the equator. 

Increased poe export (~15 mmol e mo2 dol) was also found at higher latitudes where 

higher productivity (~31 mmol e mo2 dol) is supported by increased nutrient supply from 

the deep ocean. Estimates of biomineral and poe production were compared with 234Th 

derived export to investigate the efficiency of the biological pump (ThE). Similarities in 
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average ThE for calcite (0.26), opal (0.31) and POC (0.29), imply a potential association 

between biomineral and POC export, but there is substantial uncorrelated variability 

when ThE are compared on regional scales. Higher euphotic zone ThE for POC (~0.22) 

relative to that in deep-sea sediment traps «0.05) supports considerable re-mineralisation 

below the euphotic zone. POC flux and ThE from the PAP were low (~5 mmol C m-2 d- 1
; 

0.06) in pre and post bloom years but high in years that sampled during peak (~24 mmol 

C m-2 d- 1
; 0.31) and early decline (~15 mmol C m-2 d- 1

; 0.19) bloom conditions. 

Conclusions from this study suggest that: (i) carbon export in the central oligotrophic 

gyres may be low, but carbon sequestration at their temperate fringes, as well as in the 

equatorial and upwelling region can be substantial; (ii) regional variability in the 

mechanisms by which biominerals and POC become associated are more important 

determinants of carbon export than the efficient export of ballast materials themselves; 

(iii) due to preferential aphotic remineralisation of POC relative to calcite/opal 

dissolution, potential for effective ballasting increases with depth; (iv) inter-annual 

variability in POC flux and ThE at the PAP site was governed by the seasonal timing of 

sampling relative to the North Atlantic spring bloom. Environmental controls (physical 

stability, light, nutrients) on phytoplankton community succession (diatoms to non­

diatoms) determine the characteristics of the sinking flux and ultimately the efficiency of 

carbon export to depth and (v) seasonal and inter-annual variability in surface POC flux 

at the PAP is translated into comparable variability at depth. 
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C "f dnived for The 31 days prior to cadi 

and Hmmoller of chlorophyll (Fib'Urc 4.2) for the 

200.,-2006 (hoth over 47'-51"N and 14.5·1);,5"W) illustrate the typical ;,paliHI 

of variabi lity ill the vicinity of the PAP site, Images of 2 x 2 degn.:c, or 

appro\imHtely a 200 x 21)(l kill square (4R" ·SO"N and 17.5"· 19, 5°W) cc'ntrcd on the 

PAP iocorr()(ate the maill features associaTed WiTh this region "nd HI<; 

therefore cOllsidered to appropriately represent the surt:lce imprint of partlde Jluxes 
"., mea,ured by' Th . 

.. 1 I 
E 0 0.91 .0 
, N 
_" 0 8 
• 0 . 

== 0.7 < >, 
..c:." 0.6 •• E'.. O.S 

o :; _ 

;>OJ, a:o-, 
W'lvo; OJoo 

Fig"'" 4. 17. S.,.""iF, sotelhl, ",rfa« ehlo",ph),ll.a (ml m.1) "ht.moo 
fmm Qkm n.= lut, OIl dol. and a"mlloo h th< regIOn 47'-5 1°,, '00 o,','r 
31 Jays pri ", to tlle mi<t pu iot "f rho ri"", sar'l'l lllg " n "",h ,mi"" 

4 • .1.2 Sur/au phyloplankUJn /tiom{L<," ami produ<'/;"" 

Surface SenW,FS chlomphyli concentrations from 9 km p,xds averaged owr 

the ,eleded time am! .1 1 prior 10 the mid p()lnt oflhmium ;,amplmg 

and <:ove ring and 17.5"-19.5"W 4.16a·e) 10 an averaged 

;,url"ce chlorophyll "'on"'entralion for each cmi:;e (figure 4.17). Time and space 

averaged chh)[()phyll-a <:oncenlmliom were highesl in July 2003 (0.89 mg m"' ), 

;,imilar 10 those trom 2004·2006 which ranged from 0.40·0.53 mg m '(Figure 4, 17). 
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~()n~~ntratJ<)n' ami inkgrat~d primal)' production n",a'UTt"Tllenl, (Figure 4.1~. r = 

0.75, n - 25 P >0.01), lilll<: unu 'p,.cl' aH'T"gl'd primary pr()(Jtl~l]()n ~slimat~s 

(imegrated over the euphoTic wne) were calculated for each ofth~ 5 cruise, (Figllw 

4.19). To ~sllmat~ an ~rrm ,m Ih~s e caklliallons, an altempt wa, mad~ 10 wmpare 

,atdille e,limat~s of s urt:"lC ~ ~h IOf<)ph yll ~t th~ P AP sll~ for th ~ same day i'I.' sampling 

in sim surface chlorophyll concel1trat ions. lIowever, 0111y 7 out of the of the 27 days 

,"mplcu for In ,\' ilu chlowl,hyll huJ ,utdlil~ ~h lof<) phyll e,timMc, uu~ to CiOLKl or hlck 

sate lJit ~ d~ri v~d primary proti\l<"lion. Satdl il ~ ucriycu primary pnxh.ction rat~s w~re 

high~'1 In JLlne 2003 (11~,27 mInol C m i. d ') und sim1\~r for th~ r~lnalt\ing 4 Cru I S~S 

(21)()4-200(,) rall[lmg fwm 75.2 10 ~Ii 4 mlllol em' u L (FigLlr~ 4, j Q). 

• 

. ' . • 
• • •• • 

• 

o~~--__ ----~--______ __ 
, .2 " 

Figure 4. 1 ~. Th\, f\'lalion,hil' bClw\"n in !ii11l n .. osme<i ,urf"," chlorophyll (n1g In' 

') .nd mteg",,,,d (O.I ·I. lig~t d"Jlt~ ) ,,"rOO n Iie<a'ion (mlllOl m" d '!. (r - 0.75. P 
<0.001, n - 2~). Dull ...... hn from >11 PAP.no mIlS.' b.twe.n 2003-2006, 

[9) 
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,'00 D.2~>16 D 306 

t';guro 4.20. In .'"'' surf"" . chlorophyll-, (mg m" ) "",raged 0"" oach CruISC. 
Error bM, ,epre, enl mean ~ J SD 

A 8triking: LbfTeren~e is obser.cd between ,atel lit e deTlvoo e,tlllmte, uf surf~cc 

chlorophyll-a (Figure 4.11) and primary production (Figure 4. 19) rdalive to in situ 

~hl()",phyH-a (Figure 4.20) and primary production measurements (figure 4.7), The 

hlgh~'r chlorophyll concentrati()n (O,~9 mg m 'j "bst'n'cd in 1he s.atellile averages 

(Figure 4.17) for July 2003 (P300) ,s Dot ~pparent in ~il1< (0.0'1 ± 0.01 mg: 1\1" ) (Figure 

4.20). Conversely, the higher;n ,il" chlorophyll cOIlcentratiol18 (0.53 + 0.09 and 0.53 

~ 0.35 mg 111") (Figure 4.20) observed in June 2004 and June/July 2006 (CD158 and 
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D306 respectively) are not evident in the satellite derived estimates (0.40 and 0.43 mg 

m-3
) (Figure 4.17). Similarly, the variability observed in in situ primary production 

rates (Figure 4.7) of a nearly three fold increase in carbon uptake from ~29 mmol C 

m-2 d- 1 in July 2003 and May 2004 to ~75 mmol C m-2 d-1 in June 2005 and June/July 

2006 is not observed in the satellite imagery (Figure 4.19) which show fairly 

consistent rates of integrated primary production (~80 mmol C m-2 d- 1
) from 2004-

2006. The higher satellite primary production (Figure 4.19) observed in 2003 (118 

mmol C m-2 d- 1
) is also not evident in situ (28.88 ± 6.95 mmol C m-2 d-1

; Figure 4.7). 

Such differences between in situ measurements and satellite derived estimates 

highlight the shortcomings of short term spot measurements made on cruises that are 

strongly influenced by small scale patchiness and can miss important temporal and 

mesoscale variability that is more representative of the region. 

To derive time and space averaged new production estimates, in situ surface 

chlorophyll concentrations were plotted against integrated l~-derived f-ratios to 

ultimately calculate the fraction of new production relative to total production (see 

Lucas et aI., in press). However, no significant relationship was evident between 

surface chlorophyll and integrated f-ratios (Figure 4.21a; r = 0.06, n = 23, P >0.05). 

Instead, in situ surface chlorophyll-a was plotted against integrated carbon based new 

production (Figure 4.21 b). Both linear and logarithmic regressions gave significant 

relationships (r = 0.6 and r = 0.66 respectively, n = 24, P <0.001). The logarithmic fit 

was used to calculate time and space averaged estimates of new production 

(integrated over the euphotic zone) (Figure 4.22). Satellite derived new production 

estimates were slightly higher in June 2003 (30.75 mmol C m-2 d-1
) but similar to the 

remaining 4 cruises (2004-2006) which ranged from 23.04 to 25.70 mmol C m-2 d-1 

(Figure 4.22). As was the case with satellite derived versus in situ primary production 

rates; the large degree of interannual variability observed in in situ new production 

(range = 3.27 to 25.65 ± 10.83 mmol C m-2 d- 1
; Figure 4.8) was not evident in the 

satellite derived estimates (Figure 4.22). 
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4.5.3 Surface poe export 

Figure 4.13 shows that measured PELAGRA trap poe fluxes were generally lower 

than 234Th based modelled fluxes using either the SAPS or PELAGRA POCF34Th 

ratio. A positive or negative collection bias of a factor of 2-3 between upper ocean 

neutrally buoyant trap fluxes and those calculated from 234Th water column 

distributions are quite common (Buesseler, 1992a). Three explanations for the 

observed differences in poe flux estimates are: 

i) a low trap collection efficiency 

ii) differing time and space scales for PELAGRA and 234Th flux measurements 

and/or 

iii) deficiencies in the 234Th steady state model 

The PELAGRA traps collect material that has been synthesised over previous weeks, 

but material collected is of near-instantaneous export flux over the time of 

deployment which is usually ~ 1-4 days, relative to thorium-based fluxes which quasi­

integrate over a 31 day period. Thus, if high rates of surface export were experienced 

in a 31 day time period prior to thorium flux measurements, such a flux will be 

'captured' by the thorium approach. However, if PELAGRA traps are deployed for a 

typically short period (1-2 days) at the same time, then the traps will clearly trap just a 

fraction of the high productivity event. Floating sediment traps collect an average 

particle flux which has a horizontal spatial scale related to the kinetic energy field 

above the trap and particle sinking speeds. Using the analysis of Siegel et al. (1990), 

Buesseler et al. (1992a) estimated that a fixed trap at 150 m would collect sinking 

particles over a horizontal scale of 5-1 00 km and that this scale would be slightly less 

for a floating trap depending on the speed of the 150 m trap relative to the water at 

that depth. This spatial scale is less than the ~200 x 200 km square which is thought to 

be representative of the 234Th based modelled fluxes and could thus account for 

differences in modelled versus trap measured poe flux. Based on these discrepancies, 

the following discussion of poe flux measurements will be based only on the thorium 

model and not on those measured by the PELAGRA traps. 
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4.5.4 POC/234Th ratios 

The conversion of thorium fluxes into POC fluxes is very sensitive to variable POC/ 

234Th ratios and therefore needs careful consideration. In most data sets, POC/ 234Th 

ratios decrease with depth (Buesseler et aI., 2006) as a result of a combination of 

factors that include preferential mechanical breakdown and remineralisation of POC 

with depth but retention of 234Th on sinking particles, as well as changes in surface 

binding ligands with depth (Buesseler et aI., 2006 Speicher et aI., 2006). In this study, 

two POCP34Th ratios are available for each cruise (except May 2004); one collected 

at ~100 m by the SAPS pump and the other collected at 150-300 m using the 

PELAGRA traps (Table 4.5a-e). As the PELAGRA traps were deeper than the SAPS 

pumps, one would expect PELAGRA POC;234Th ratios to be lower than SAPS ratios. 

This was however not always the case and only in June 2004 (CD 158) was the SAPS 

ratio (53.22 Jlmol dpm-I) substantially higher than that of the PELAGRA trap (24.75 

Jlmol dpm-I) whereas in June/July 2006 (0306) the opposite occurred with the 

PELAGRA POCP34Th ratio (13.03 Jlmol dpm-I) being much higher than the SAPS 

POC;234Th ratio (3.24 Jlmol dpm-I).SAPS and PELAGRA POCP34Th ratios were 

similar in July 2003 and 2005 (P300 and D295/6 respectively). 

The lack of a collective trend in decreasing POC;234Th ratios with depth between the 

shallower SAPS vs PELAGRA is likely a consequence of their different sampling 

strategies (see Methods). As for example in June/July 2006 (0306) where two 

PELAGRA traps were deployed at 150 m and 250 m, the POCP34Th ratios decreased 

with depth from 15.84 to 10.82 Jlmol dpm-I, illustrating the expected decline in ratio 

with depth. Although the higher PELAGRA POC;234Th ratios relative to SAPS ratios 

on D306 is unusual, POC concentrations and 234Th activities from all three SAPS and 

both PELAGRA traps fell within the range sampled on all other cruises. There is 

therefore no justifiable reason to favour either of the two and although the reasons for 

such differences remain unclear, both POC;234Th ratios must be considered valid. 

However this was not the case with the unusually high SAPS POC;234Th ratio (53.22 

Jlmol dpm-I) in June 2004 (CDI58). Although POC;234Th ratios >100 Jlmol dpm-I 

have been reported (Buesseler et aI., 2006), the high POC;234Th SAPS ratio on C0158 

is considerably higher than studies in similar regions such as the equatorial Pacific 
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where POCP34Th ratios ranged from <0.5 to 6.5 /lmol dpm- l (Buesseler et aI., 1995, 

Bacon et aI., 1996, Murray et aI., 1996), the subtropical Atlantic where POCP34Th 

ratios on AMT 12 and AMT 14 ranged from 1.5 to 27.4 /lmol dpm- l (section 2.4.4; 

Table 2.4a,c) and in the southern subtropical and equatorial Atlantic where POCP34Th 

ratios averaged at 24 ± 12.2 /lmol dpm- l (range 0-35 /lmol dpm- l
) (Charette and 

Moran, 1999). Charette and Moran (1999) suggest that different sampling techniques 

(i.e. bottle vs. in situ filtration) may yield different POCP34Th ratios and attribute this 

to POC concentrations derived from large pumped volumes having a significantly 

higher POC concentration relative to the filter blank. Such differences in POC 

concentrations between bottle filtration and in situ pumps have often been 

documented (Gardner et aI., 2003; Liu et aI., 2005; Moran et aI., 1999; Buesseler et 

aI., 1996) 

A high POC concentration will clearly increase the POCP34Th ratio, but the unusually 

high POCP34Th ratio on CD158 (53.22 /lmol dpm- l
) was instead due to very low 

SAPS thorium activity (2 dpm m-3) relative to the SAPS mean of 53 ± 25 dpm m-3 

(range: 25-89 dpm m-3, n = 7) on all other cruises. Although the POC;Z34Th ratio in the 

PELAGRA trap in June 2004 (CDI58) was also higher than for all other cruises 

(Table 4.5), its' thorium activity (346 dpm m-3
) fell within the overall range sampled 

of 234-531 dpm m-3 (mean = 338 ± 117 dpm m-3 n = 5). The high POCP34Th ratio 

resulted from a higher POC concentration of 8.6 /lmol m-3 compared to values in the 

range 1.83-8.09 /lmol m-3 which characterised the other cruises. The reason for low 

234Th activity on the SAPS sample is unclear, but may be due to thorium speciation 

and high binding coefficients for certain organic phases, such as acidic 

polysaccharides (APS) produced by marine phytoplankton and bacteria on their cell 

surface. Polysaccharide, "sticky", surfactant-like Th(IV)-complexing ligands are 

likely embedded in a matrix of fibrillar exopolymeric particles (EPS) and transparent 

exopolymeric particles (TEP) (Santschi et aI., 2006) that 234Th preferentially tracks, 

rather than total colloidal (nm-/lm) or marine snow (mm-cm) carbon (Guo et aI., 

2002a; Santschi et aI., 2003; Passow et aI., 2006). Thus if a large percentage of the 

particulate matter <50 /lm consisted of colloidal organic carbon, rich in (acyl) 

polysaccharides, the POCP34Th ratio of the >50 /lm fraction could have low thorium 

activity and therefore a high POCP34Th ratio. However, it is improbable that SAPS 

particulate material at 100 m would have such different properties to material caught 
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in the pELAGRA trap at 175 m. Given tl1e similarity in POCI"'Th ratios between 

SAPS and I'ELA(iI{A ,amrl ~s on all other crui,e,. th ~ low "'Th activ ity of th~ 

CDI58 (June 2004) SAPS , ample ami com;.equ",Tltly lhe unu5\Jal ly hif;h POCP"Th 

rail() of 5J.22 ,..mol dpm ' (re,ul!ing in a POC flllx oj" 50.93 mmol) is l'on>lGer",d 

unlikely. Ther~ for~ jw;t the pFLi\(i[{A J'(X~IJHTh ratio fnJIn CD158 " us",,1 to 

(alculat", a I'(X~ flux . For th", r",mammg ~rui ,..." wher", both SAPS and I'ELAG[(A 

wew ~mpkd. lhe TTI~~n pOC/"'Th ra tio belweeu lh~ SAPS aud pELAGRA samples 

(Figure 4.23) i, Ils",d to caicuL,te poe flux. The resultaTlt poe flux~, averaged o'er 

each ,ruise (Figufl; 4.24) for July 2003 (1'300), May 2004 (AMT 14) and July 2005 
, , 

(02<1516) were all low (mean = 5034 J 0.33 mmol C m'- d") hut high OTI CDI58 in 

June 2004 (23.69'I1Inol C In' ' d" ) aTld iTlt~TT"cd,ale on 0 306 m JlIneiJlIly 2006 (14.70 

mmol (" m ' d L). The average POC flux"" differed ,ignificant ly between y~an; 

(Kru,kal -Walli, ANOVA H,.], ~ 13.226,1'<0.05). Post hoc lI1ultipk ~ompari50Tl Ie><t. 

revealed that I'OC flllx on C0158 (JUTle 2fl(4) wa, ,ign ifi~anl l y higher than "n 1'300 

(htly 2(103) al ,d 0295;6 (JlIly 20(15). Kote lhal AMT 14 (May 2004) ~(>uld not I", 

included in the 51ati,ti~al ""aly>]s a, till, emi", conlain~d only a ,i n~l~ data pomt. 

~ 

25 ; 

0 >0 ' 
'E , , 
< • " ( " 

0 

u , 
" 0 ~ • , 

" -~'"" p ;'10() 
= Mce 

CD 153 

?~ ,l.Iiy ?OCI6 ."",i"bly 

0295.1£ 0300 

Fi~< 4.23. P00'MTh rail"" ""orogoo bclwttn 100 SAPS ~I]d PFI.AGRA ",,,,,,I., f", 
P300, D2%16 and D%. On CDI5S onty (he PI.MiRA POC/'''Th ralio "' .. u"'-'<l, ",",c loxl 
for dc1aik Oil !,-\tT 14 only 'ho SAl'S Poc/t·'+n "'"' mod .. , PFI.AGRA wa, no< 
ayailablc 011 ,hi , "'''''' . 

High poc;H4.rh r~tios such a, lho,e lilUnd m June 2004 (CDI58) (Figure 4.23: Table 

2.5) an: to be expeded from large particles with low 5urf",e area to volume rali", 
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(l3uessder et a1.. 20(6), Theil' tYPIcally la,t~r sinkinf: "do<: itl e~ also allow rapid 

transfer to the ,Ca nom and less tinw lin rcminerahs"honldi,solution. ('on\'ersely, low 

POC!"'Th ratios, as W~r~ liHlml on Ihe rem"minf: fom <:rui,es. are expected from 

small cells with low sinking rates (RGigslad. 2000), In such in,t"nces. slowly settling 

partides tend to aggregate and/or Ix- tr.m,t('nn~d intu Ele('al ""lids by 

rnicrowoplankton grazing (Landry 0;-1 aI., 19n). As cmbon is preferenli"lIy 

reminemhsed relali ve 10 "'Th during grazing and ha<:terial degradation of aggregates, 

(Armes- 'VI es<:off et al.. 2001 ; Fisher et al.. I n7), they become enriched in 2''Th and 

are therefore characterised by low POO,l"']h mtios (Copoll" et "I.. 2002). The higher 

POC:/)4 1b ratios recorded in June 2004 (COl 58) then-fore suggest Ihal particles 

settling out of the water column were either larger (i .e. rapidly scttling. lillie rc­

mineralisation) and /or had less atlinity for thorium (i .e. luw in uarural acid 

polysaccharide lAPSJ-rich TEP ligands lSantschi et aL 200(1), 

~ -------

o 
2001 froy 

AMT11 
2005",">' 2OOO -'-<x:.'.!uIy 

029,,;£ [) lO6 

FigUll' 4.24. I'OC iluxe; (nuool C .n" d") calcula1<',j from t~ " l'OU1~-n rat;", "r 
figure 4.21 ..,0 "'=gOO Qvor each erni, •. Em>r~"", rcJ>r",ont mean = I SD. 

What eviden~ e du we have for these alternate types of 5("ttling particles'.' During two 

spnng/,umme.- period, at the PAP sito;- in 1990 and 1'192, marine ,uow nux was 

recorded at 3000 m by lime-lapse ph<Jlugmphy and shu wed ~ strong peak III 

concentration dlrring lhe initial dO\\'nward nux of material (Lampitt et aL 2001). In 

ooth Instances, peak vol lime flux was mainly generated by lal'go;- ratllCI' than small 

particles, suggesting that large particles dominate at the start of the depositional pulse, 

while smaller "ggregates domin"te laler in the summer (Lampitt et al" 2001), 
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Similarly, a study in the North Atlantic found that large diatoms dominated the spring 

bloom period, but was later in the season dominated by smaller nanophytoplankton 

(Buesseler et aI., 1992; Verity et aI., 1990). Higher POCP34Th ratios resulting from 

larger particles settling at the onset of downward particulate flux could therefore 

account for the high POC fluxes on CD158 in June 2004. 

4.5.5 PAP site sampling relative to the North Atlantic spring bloom 

The start of the depositional pulse is expected to be associated with the spring bloom 

when nutrient depletion causes larger phytoplankton cells to become senescent and 

lose their buoyancy. Furthermore, with nutrient depletion, diatom communities give 

way to smaller nano- and pi co-planktonic cells of the 'microbial loop' where vertical 

fluxes are greatly reduced. 

Data from P300 (July 2003) and D 295/6 (July 2005) show that the surface mixed 

layer (Figure 4.25) was well defined and situated at ~25 and ~35 m respectively, 

surface N03 (~0.04 and ~0.23 mmol m-3) (Figure 4.25) and surface chlorophyll (~0.09 

and ~0.25 mg m-3) (Figure 4.20) concentrations were exceptionally low and there was 

a DCM at ~47 and ~25 m (Figure 4.25). 

The occurrence of deep chlorophyll maximum implies that phytoplankton are nutrient 

but not light limited in surface waters, while within the DCM where there is some 

access to nutrient diffusive flux across the nutricline, phytoplankton are likely to be 

somewhat light rather than nutrient limited. Such conditions are typical of summer 

rather than spring and on this basis, PAP sampling for these two cruises (P300; July 

2003, D295/6; July 2005) clearly occurs after the spring bloom. This is substantiated 

further by the high 234Th fluxes for these two cruises (mean = 1612 ± 376 dpm m-2 d-1 

n = 7) (Figure 4.12) which suggests substantial removal of 234Th by settling particles 

in the weeks prior to sampling. 

Although phytoplankton can adapt to low light by increasing cellular chlorophyll 

concentrations, the DCM is still considered to be light limited, making it a pigment 

(biomass) rather than productivity maximum. Furthermore, as N03 uptake is 

considered an energy expensive process requiring a high light environment (Tett and 
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Edward" 1984}, this may explain low new nitrate-bilSed production mll:s found in 

July ZO(l3 (P300, Figure 4.8) despite high integrated NO, <:oncentrations (Figure 4.4). 

Indeed. DeM productivity by mos!1y ,mall 0011> b,$l abl~ t() ,cav~nge nutrients at I()w 

concentrdtions is <:Ia,skally b",;ed primarily on regenemt~d nitmgen (Iimrn~rmans .1 

aI., ZOOI: Veldhuis et at, 1(105: Hobinson et aI., 20(l(i). ThIs s~pons the observation 

that POC;'HTh ratios in July 1003 ~lld 2005 (Figure 4.23) were the lowest recorded 

(mean = 3.2 J. 1.07 "mul dpm-I n - 4), ,Ugg~'tlllg that th~ phytuplankton community 

was domin~ted by smaller non-diatom cells and/or ag~'1"egate" whIch de,plt~ a 

substanti~1 !"Th flux (Fi gur~ 4.12), resulted in luw carbon ~xP()]1 (mean - 5.49 ± 1.36 

Illmol C mol dol n = 7) (Figure 4.24). 

'" 5.<;;; 

4.5<: 
eo 

L;;<: , , 
~ B <: 0 

£ '" 
3 ;;<: 

, 
£ 

t w • c 

2.W " C 
2.CG • • 

" 1.W ~ 
1.m 

, 
• 

'" <: '" , ~ .~~ 

200J .... '1 2001 "'oy 2~~4 ....., 2= ... ". 2~~6 ...... ~'.' ....... 

"'00 AMT14 CD 158 D295i6 D:U; 

Fi gur. 4,2.1, Th. ~\'O"'g. dor<h of the d<.p chlorOJlhyll .a ma,i"..,,,, (OCM) and <urf. co 
mi>.od Jay'" (SJ.lL) J()f c",",h crt",. "'g"lu;r wllh . urfi¥:e NO, wtlccnlr.liun. (mmol m"). 
Error har< roprtsent mean ;: 1 Sf). 

In controlSt, the AMT 14 "isit to the PAl' site 1Il :vIay 2(){)4 sampled the region prior to 

the spring bloom when surrae~ nitral~ <:()nc~ntraliuns w~re slill high (4.5 mmol mol ) 

within a deep surface mixed layer (40-60 m). pnor to S\mlmer shoaling (hgure 4.25). 

Low chlorophyll concentratiOns (-D.I mg m-') were fairly consistent throughout the 

surface 60 III (figure 4.5b), with asligllt pea\; at 15 m (Figure 4,15). POC/ HIh ratios 

for this st~tion were also relatively low (6 ~mol dpm") (Figure 4,23), suggesting a 

populatiOn domin.ul~d by ,mall cell,. l;nli\;e the post bloom enlises 1'300 and D295/6 

that sh""ed a ,ubSlantial !J"'Th Ilux, AMI 14 exhibil~d lhe lowesl :lHTh flux (884 
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dpm m-2 d-1 (Figure 4.12), indicative of low thorium removal by settling particles 

prior to the onset of the spring bloom. 

On the other hand, C0158 and 0306 (June 2004 and June/July 2006 respectively) 

were sampled within the peak (CD 158) and early decline phase (0306) of the spring 

bloom. The SML on CD 158 was well defined and shallow (~15 m) (Figure 4.25), 

ambient concentrations of N03 (~544 mmol.m-2
), Si(OH)4 (~128 moI.m-2) and P04 

(~35 moI.m-2) (Figure 4.4) were still non-limiting and supported chlorophyll-a 

concentrations of (~0.53 mg m-3
) in the surface 12 m, with no indication of a OCM 

(Figure 4.5c). At this time, a low 234Th flux (~957 dpm m-2 d- 1
) may be expected as 

maximum particle export typically occurs only after nutrient limitation and bloom 

senescence (Buesseler et aI., 2004). However, despite the low thorium flux, the 

exceptionally high POCP34Th ratios (25 /-lmol dpm- 1
) suggest that large cells such as 

diatoms were rapidly settling out of the water column, with little POC 

remineralisation, resulting in both the high POCP34Th ratios and high POC fluxes 

found at this time (Figures 4.23, 4.24). 

0306 sampled slightly later in the year (Table 4.1) when the SML was slightly deeper 

(~18 m), surface N03 concentrations were lower (~1.0 mmol m-3) than C0158 but 

higher than post bloom cruises (Figure 4.25) and, although surface chlorophyll 

concentrations were the same (~0.53 mg m-3) (Figure 4.20), there was evidence of a 

OCM at ~23 m (Figures 4.25, 4.5e). The high 234Th flux (~1808 dpm m-2 d- 1
) for this 

cruise (Figure 4.12) suggests substantial removal of 234Th by settling particles in the 

previous weeks. While the POCP34Th ratios (~8 /-lmol dpm-l) were much lower than 

on C0158, they were higher than pre and post bloom cruises (in particular in the 

deeper PELAGRA traps [mean = 13 ± 3 /-lmol dpm-1 n = 2]) suggesting a transition to 

smaller non-diatom cells and/or aggregates, particularly as Si became depleted (Figure 

4.4). 

4.5.6 Comparing surface production with surface export 

Temporally and spatially averaged production estimated from satellite derived 

chlorophyll-a can provide a useful tool for calculating mesoscale export efficiency 

(ThE = POC flux/Primary production, Buesseler 1998) at the PAP site using surface 
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POC j]lI~ estjma(c.,. The magnitude of export dfi~l~nCl~~ (ThE) aVt·raged over each 

"ruj~e Were akin to measured PO(: export (r - 1. n - 5. P <0.0(1). with low ThE 

v~luc, (0.06 :±. ll.ll2) for P~OO (July 20(3), AMT 14 (May 20(4) and D295./6 (July 

20(5) compared to high '/lIF value, (0.31 ± 0.07) i"<lf CDI58 in June 20{)4 and 

mtcnncdiate Thl; (0.19 .!: 0.(2) for 1)306 (June/July 201)6) (Figure 4.26). Thll" ratio~ 

dJlfcred signifi...,tn tl y \>t:twee n cITIj",s (Krmbl-W~lIis A:-.JOVA Ill. I" = n .S97. 

p<" O.OS). i'ml h()c multiple ~oml';uison tests revealed that TM; r~tK15 on CI)ISR (Jun" 

2004) were 'ignificantly highn than on PJOO (July 200J) and 1)295/6 (July 2(05). 

r-.;ote th~1 AM I 14 (May 20(4) could not be included in thi5 ,tuh,li~al analy,j~ 'IS Ihi, 

eITIi:;e had only ~ 'ingle d~t~ pom!. It tim, appears thaI -. (,.;. of pTLmary produdion 

wa:; exported dunng pre- and posl-bloom periods. while - 31-19% wa, expor(~d 

during the pcak and early decline pha • ..., of (he spring bloom. and that cffieient export 

wa, independcnt of primary protloc(ion (r - 0.6. n - S, P>0.05 J. 

"' 
0.' 

"' 00 '"-___ _ 
2004 ~t.y 

AMr 14 
"'''','*t 2Q.;J6,IKIC.i.oJ~ 

D.<:'1N5 D :0, 

Figure 4.20. ('mi.o ... ,"raged ThE ",Iou; (POC flux .... prj''"'')' prMu<!iQ") h .. ,c~ 00 satdlito 
derr.'oo primary prMudlon avo,a¥cd OYO, 47'_.1 1":'1; 14.5°. 1 gSW and 31 da)'>. Error 
bars '.pr.,.'" Ill<on :: 1 SD 

Comparing POC eKport to in situ primary pnxlllc(ion (FigllT~ 4,27) :;howed a 

,omewha( diffurellt p~{\~rn (0 temporally and ~palially av~raged production, with 

slightly higher ThE valu~, dllnng crubc:; P300 (June 200.1) and AMI' 14 (May 20(4) 

(0.17. O.I~). A ~ignifi~~nt dil"Icrcnce between eITIi:;e averaged 1lil': rati05 wa5 5till 

ob,~rv~d (Kruskal-Wallis ANOVA H,. " = R.491, p<0.(5) wi(h ThE on CD 158 in 

Junc 2004 (0,35 c:: 0.13) being "!('1ifinffi(ly hIgher (han on D2<)5./6 in Jllly 2005 (0.07 

± 0.()4), A:; only one of the two '''Th ba~~d ~xport 'I~(ion' on PJOO coincided witlt an 
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In s;lu primary produ<.;tion station, thi, Crul,~ had only one In _I'!/u ThE ratio and 

thcretore both 1'300 and AM)' 14 had to be excluded form the ;,Mi,tical arml.,.,;s, 

From the in situ prociu,,1ion data itth"", appears thatlxtwecn 7 and IH% of primary 

produ~tion is nported during the mwrpretcd pi'C- and ped-bloom periods, wltile 32-

17% is exported during the peak and carly ,kdme phase of the spring bloom, Again. 

,.., "'a' the c,,",e with ,amllltc deri ved ThE ratio, etlicient I'ue flll': appea" 

ind"""ndent ofsur/"ce watcT primary production (r- 0,15, n ~ 5, I' >lUIS). As 1M:. 

ratio, calculated fTOm ;,atellite d~ri \'~d primary production integrate over temporal and 

spatial s~ales more appropriJte to "'Th flu:'!: ~akulations. they are eon,Kl....-ed the 

pref=ed approa~h_ Export efficiencies (Tht: ratios) hereafter will thu, refer to tho"" 

deriy~d fmm satdlite, 

" < '" • , 
0 "' " " ~ • "' 0 , 1; 

"' ,. 
M 

~ 
" ~ 
• < 

~ "' 
"' 
"' 

2(1()'< H,. 

~:100 

Fi~ur" 4.21, ('ruiso 1YOf"llod ThF cali<>, (POC fluxipnm:>ry rm.:luctlOn ) bulXXi em 
In _,itl, pTJln .. y p",dLlClion ["""'LUe"",["', Nmr lw, ropro,ortl ''''''''' .!. tSD, 
S'nnd.,-d do,,., iatiCln [,.- P:1OO w,,-, not po"iblc", only one the ,,,0 Ihornun ell) 
sl.IJ()[l' roind<Iod '" hh ~ pruntlry 1"",",0/;';') em .btlon, 

It is lmportant howcvcr to remember that total prillJary production" not th~ driving 

fi,rce controlling downward particle fill':, hut rather n~w nitmt~-ba,ed procluction, 

,;upporte<l by "Pward nitrate flux , F-ratios (ncw production/primary production) 

provide a mea,ur~ of the proportion oj' phytoplankton growth dependant upon NO, 

that over appropriate time and space s~aJe, theoretic·al ly and da"i~ally equate, to 

particulate nitrogen export, 
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(jlven Ihe ~b"..,,~o:' of sub>lamial i llkmm~l l v~fI ~hl h t~· In smdht" d,..-i,'('\1 ~'SIUlIlll<'S of 

bolh pnm .. y ~Ild n.:'" producioa n. II I~ nOI ,,"rprl~lng 111.11 f·ralws b:t~.:d on Iho:so: 

pa •• lll1dCl~ (Figure 4.28) show '<"1)' lillie dIO".cntillho" 1,.:I".,.,n tnllS..s It IS not 

possible II) Slali~l icaHy "clem""" diffcr(n<:es b • ."1"',<"n sa.d lne ,....,.i\"c<1 f-m"o~:I.' only 

une d~(" p<lint IS 3vailabl~ for prin",r.· and ntw proJu<:ILon rur "ach crui!~. Ilowever, 

as Ib.- s~tdhtc dm\'ed t~r3tio in Jul y 2003 ,,"us ,) nl y shghlly h'WN (0 .26) y~1 6ilni]ar 

10 In.· lo l] ow;ng 4 nui"". (0..10-0.3 ]) LII 2004-20116. it ,celli' lihly thai such 

din"r<'TI~Cs an- consistent with natuml ""1l.1b,lI ly. Th~se I~ratio results .u.l;);(" ,h~t 

tOCI"',,"" 26 and J , ";. of pnrnary pft),.h"'t ,, ~, ..... 'lS ~xp,"",cd during the 5 CT1.li....,~ In;ot 

3:l11lplo:'d t .... l'Ar s.,,-. Snch sirn ilarli lClo ill f-r~l i,-", >huw no) dl.>tiocI;oo """"«<n I'I"C-. 

poOSt - < ~ bloom <'OOdil;oos al mtl 1',\1' s.te. as was Ilk- case wllh Thf: r .. IIO'. 1'111: 

.obMm~( "r:l rdllt;<",ship belw\!"Cn salellile Jt:r,,1::\l f-r-u im, lind ThE rallOS (r = 0.55. 11 

~. I' ;> 0.05) i~ thcrefoll' nOi ~lIurcly surprising al hcir ~OI1tr"'Y 10 Ih( '1f!1!'MI 

bYPOlhtsis. 

'" ., 
0.8 , 

Or i .. 
" '.' 
" ., D .. .. D DO oj 

=w, 2005 UJ 2OO(i "'''''~ 
m o;,<",,,{ 0 1fl! 

Figure 4.2~ r-m,I(j, (nc",' ",oouel!(""1" "n~ry prO<1u< lion] co.kul.tcd i.om , &lol1iIO doriv(ld 
prirnarr and DC" ""oo""'Kln "' e<"ll«i P"" 47-5 I 0:-1: 14S-1 ~.~O\\ .. ond J I d.y. 

F-raIIOS dcriH:d from in .<itu ~a.ure",enIS of pnmal)' ~nd new rrocl"","on (Sec 

MClhods for dctat b ) d.d 00"'0:" ..... -,hvw mt,,"anual , 'anabiliry " ;II h 1"t'>o(l«I 10 the 

.-c~~!1l<11 riullng of rho: spnng bloom ( Fi@ 1I1l: 4.29) nnd ~ ;VU licanlly ~'OTrdntc<1 wilt. 

Tht ral;O:; (r - I. n = 5. r <0.001). 
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Unlike POC flux and ThE rat ios howcver. difference:; hetween Cnll ~e uwraged f­

ratios WL'I"~ not stmi,;tic~lIy significant (Krusklil-Wallb ANOVA H.,." - 4.2236, 

p>{) _05), Notc ho"-'ever that A:\1T 14 (May 200J) had (0 be lJxcllldd Irom \h~ 

analysis due to on ly one data pOlnL F-raho$ ",er" high",\ Ji)r CDI5~ (0,34 ± O,J I) in 

June 1004 and in thc same rang:e a:; o;orresponding ThE ra\ i()~ (O.J J :: 0_07). 

lnkrrn~diar~ t:mtios for InO" (0.2') :±. 0.06) in J\meiJuly 20M wt"Te ~li!:hUy higlwr 

than the'r corresponding ThE ratios (0.19 ± 0.02) while f-ratios Jur the pre and poo( 

bloom crui:;es (0.23 ± 0.(9) (P3(){l, AMT 14, 0295/6) Were suhstantially higher than 

their C;{)fre~ponding: ThE ratios (O.M:: 0.02) (Figures 4.26, 4 ,29). Thesc f-rat io res\llt" 

suggcst that -23~/. of primm)' production wus exported trllln (he PAP sitc during prc­

and post hloom periods compaJ"t'd t()-3 l % and ,-,29"/. dming peak and carly dccline 

bloom periods. Higher f-ratioo than ThE mtios filr AMT 14 (May 2(04) and 0306 

(June/July 2(06) oo\lld he a trt!!: reflection ()f mcreascd rates of neW production 

relative to primary production u, th~r~ was more available ;-.10, in :;urface water:; 

(fiig\lre 4.25) !han on po"t hl()()m crui",s (P300, 0295/6), How~ver, intrinsic in nCW 

production estimate:; i" th~ linear rdation';hip bct\vcen 1\0, concentration and NOJ 

uptake (Rccs ct 011 .. 1(99) ,uch tlm( th.., higher in(ugm(cd ;-.10-, \lptake rates may :;imply 

bc a function of higher alTIhient NO, (".)Iw~ntrati()n. 

0 
'"iii 

" .~ , 

10 1 
00 , 

" 
, 

0.7 ! 

O.ti -

" ~ 

" n.J _ 

O.Z " 

" , 00 ·-

= '" c= 
LOO4 M>y 

AMT14 

2m, Joiy 2006 ..\.o:::IJ<J~ 
D29~6 DJ0Ij 

Fil'LJtl' 4.2~, [-ratio' (tle'" prod<>c1iOI'liprimary pfo.j"otionj calculalod Ii-om;n ,,;m carbon 
h.,od TlCW l)fodudion and (otal ptlrl>ary proouc(ion ('"-" ted [or deu..il,). Error 1",-", 
rcPtcsc-n( "",an 1 SLl, 

Funhermore, "N-<lerived f-mhos need to he con:;idcred with some caution in !hi, 

region at least. Apart rmm CO 158 (June 2(04), the remaining cruiscs exhihited higher 
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f-ratios than corresponding ThE ratios. Overestimates of f-ratios in sUbtropical gyres 

in particular may be substantial due to recently discovered nitrification in surface 

waters. Thus "regenerated" nitrate may account for> 70% of nitrate uptake, so that the 

classically 'new' fraction is very much lower (Yool et el., in press). From these 

results, it appears that overestimating N03 uptake was more prevalent when poe 

export was low which is in agreement with Yool et al. (in press) whose model results 

showed that the largest overestimates of f-ratios were in unproductive oligotrophic 

regions where there is little available new nitrate and production is dominated by 

regenerated nutrient uptake. 

Lampitt (1985) and Waniek et al. (2005) found a close correspondence between the 

timing and magnitude of surface productivity and the timing and magnitude of deep 

sea fluxes (2000/3000 m) that reflect the seasonal signal with pronounced maxima 

during the summer. Lampitt (1985) also accurately predicted fluxes at 3000 m based 

on satellite-derived primary production and an upper ocean biogeochemical model. 

Despite the established link between seasonal increases in production and export, 

when carried out over the high productivity summer season only, comparisons of in 

situ (Figure 4.7) and satellite derived (Figure 4.19) primary production with surface 

carbon export (Figure 4.24) showed no relationship (r = 0.50 and r = 0.55 

respectively, n = 5, P >0.05). 

Although in situ f-ratios showed a significant relationship with poe flux (r = 1, n = 5, 

P <0.001) and both in situ and satellite derived ThE ratios (r = 0.77 and r = 1 

respectively, n = 5, P < 0.01), f-ratios for all cruises were overestimated with respect 

to ThE ratios and no significant differences were evident between cruises, as was the 

case with poe flux and efficient carbon export (ThE). F-ratio calculations rely on 

numerous assumptions such as steady state, no storage of N in surface waters, 

minimal N2 fixation, negligible euphotic layer nitrification and consistent Redfield 

ratio stoichiometry. These assumptions are however not always the case, particularly 

in the subtropical gyres, where f-ratio results were not an ideal proxy for the 

magnitude of carbon export or efficient carbon flux as originally hypothesized. 

poe flux and efficient poe export (ThE) instead appeared to be largely determined 

by the POe;234Th ratios of the settling material (r = 1, and r = 0.95 respectively, n = 5, 

P< 0.001). This implies that (over the summer season at least), the efficient export of 
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carbon depends more on the characteristics of the phytoplankton community (and 

timing of the spring bloom) which determine the composition of the settling material 

(POCF34Th ratio) than on primary production or the percentage new production (f­

ratios). Despite comparable rates of primary and new production on CD158 (June 

2004) (f-ratio = 0.34 ± 0.11) and D306 (June/July 2006) (fratio = 0.29 ± 0.06) it was 

only on CD158 where Si and light were not limiting that larger cells (high POCF34Th 

ratio) such as diatoms were able to grow. Larger cells have faster sinking rates and 

can better avoid degradation making them more efficient at transporting organic 

carbon to the deep ocean. Thus despite a low 234Th flux associated with the beginning 

of the bloom period, CD158 (June 2004) had the highest POC flux. Although larger 

cells can out compete smaller ones in high N03 conditions, limiting factors such as Si, 

Fe and/or light will favour smaller cells which have higher surface area to volume 

ratios and longer particle residence times in surface waters that result in preferential 

carbon losses relative to 234Th and leads to lower POCF34Th ratios. The intermediate 

POC flux on D306 (June/July 2006) thus appeared to be governed by its timing with 

respect to the spring bloom (early decline phase, high 234Th flux) where Si and light 

(DCM) limitations lead to a transition in the phytoplankton community to smaller 

cells (lower POCP34Th ratios) and ultimatly a lower POC flux. 

4.5.7 Comparing surface export to deep export 

One of the 'unknowns' in biological oceanography is what happens to particles in the 

so-called twilight zone between surface productivity and export, and particle export at 

abyssal (3000 m) depths. Comparing surface export derived from the 234Thl238U 

disequilibrium approach with deep export at 3000 m (moored traps) ought to provide 

some information on the largely unknown "twilight zone" processes. 

Due to deep sediment trap malfunctions, it is only possible to compare surface and 

deep export for 2003 and 2004, which includes three cruises (P300, AMT 14 and 

CDI58). Based on particle sinking rates of 120 m day-l derived from the time lag 

observed between surface production and the arrival of material on the seafloor 

(Lampitt, 1985), particles exported from the surface 100 m should settle into a 3000 m 

sediment trap in 24 days. A key issue in the comparisons is the normalisation of 

surface export data to a single depth horizon, since mass flux and its composition will 
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change significantly with depth due to orgamc matter degradation and mineral 

dissolution. A number of attempts have been made to quantitatively describe 

decreasing POC flux with depth. Bishop (1989) compared eight empirical equations 

that described POC mineralization with depth and concluded that the relationship 

derived by Martin et aI., (1987) best fitted the available data. Boyd and Newton 

(1995) also provided evidence that extrapolating export production to depth 

(equivalent to new production; Eppley, 1989) using the Martin equation was 

satisfactory at the PAP site, but that the relationship between primary productivity and 

export production was more problematic. 

For cruises P300, AMT 14 and CD158 (2003/4), surface POC fluxes (from 234Th) 

were extrapolated to predicted deep (3000 m) POC fluxes using the Martin exponent 

(Martin et aI., 1987). These predicted values were then compared with measured deep 

POC fluxes at 3000 m by plotting the values 24 days after the mid point of sampling, 

taking into account the time needed for particles settling at 120 m day-l to reach 3000 

m (Figure 4.30). Figure 4.30 shows that extrapolated POC fluxes for P300 (0.27 mmol 

m-2 d- 1
) and AMT 14 (0.29 mmol m-2 d-1

) (July 2003 and May 2004 respectively) were 

slightly lower than measured fluxes at 3000 m at this time (0.55 and 0.74 mmol C m-2 

d- 1 respectively). However, CD158's (June 2004) extrapolated flux (1.28 mmol C m-2 

d- 1
) was much higher than the measured flux (0.10 mmol C m-2 d-1

). Possible reasons 

accounting for differences in the measured versus extrapolated POC fluxes include: 

i) space scales corresponding to thorium based surface flux measurements 

differ to those of deep-sea sediment trap measurements 

ii) the assumed particle settling speed of 120 m d- 1 is either too fast or too 

slow 

iii) the change in POC flux with depth is not adequately predicted by the 

Martin equation and 1 or 

iv) in the case ofCD158, the trap may have been under-sampling. 

v) Inaccuracies in the 234Th model and steady state assumptions 

Each of these possibilities will be dealt with in tum. 
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i) Space scales. 

Partide tluxes to fixed sediment trilPS are ()bs~rv~d m, a fUJl~1lOn of time at a fixed 

point . Such traps nuliol1ally cull~cl partIcles rrom a pres<;ribed '·statistical funnel", the 

size and location of the Surt:1"~ 1I1lpnn( depemling on partieie sinking rales and on 

regional hydrography (SlCgd and Deus~, 1991)_ Faster sinking panicles will 

originate from closer 10 Ihe mooring positio"than (hu,e ,inking more slowly_ Without 

infonnation (m the spectmm of panicle sinking speeds and ~n adequate hydrographic 

description of the region, only a ~nlde estimate of the ,t~ti,lIcal funnel dimensions is 

possible. Based on a particle sinking rale of 120 m d-I (LaInpiU, 19R5) and a residual 

current ,peed of 9 cm s-I , the potential surfnee imprint of a 3()(){) In trap at the P.-\P 

site ha, a 'Ilrfac~ diameter of 400 km (Lampitt et aI., 2001). However, this pm,ide, 

no in/(JITnati,m un the locallon of the ,ource area re lative to the trap (Ducsser el al.. 

198~, 1m). 

Model estimates of flux at ,WOO m, based on an upper ocean biogeoch"Ini~al model 

that used a 400 km diameter circle (125,664 km' ) centred on dw (rap locatiun did 

however ,how good agreement with measured organic ~arbon 11ux, both in ternlS of 
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the timing and magnitude of the annual integrated flux (Lampitt et aI., 200 I). This 

spatial scale is however considerably larger than the spatial scale expected to 

represent thorium based export measurements (~200 x 200 Ian square; i.e. 40,000 

Ian\ 

A comparison of surface chlorophyll concentrations averaged for 31 days prior to 

cmise P300 (July 2003) over a 200 x 200 Ian square e34Th flux funnel) relative to a 

400 x 400 km square (which although not a 400 km diameter circle is depicted to give 

a better conception of the moored trap funnel) centred on the PAP site (Figure 4.16a) 

show that surface chlorophyll concentrations were substantially higher north of the 

PAP site (covered by the 400 x 400 Ian square) than at the PAP site itself (covered by 

the 200 x 200 Ian square). Assuming that increased surface chlorophyll concentrations 

result in increased deep POC export (Lamp itt, 1985), then the higher chlorophyll 

concentrations within the 400 x 400 Ian square (trap funnel) in July 2003 (P300) 

would alone account for the higher measured POC fluxes at 3000 m relative to 

extrapolated surface fluxes derived from the 200 x 200 Ian square e34Th flux funnel). 

Such differences clearly illustrate the discrepancies that can arise when the relative 

"statistical trapping funnels" are so different in an environment where mesoscale 

patchiness is a characteristic feature. However, this was not always the case as time 

averaged satellite-derived chlorophyll concentrations at the PAP site in May 2004 

(AMT 14) and June 2004 (CDI58) showed very little variability regardless of whether 

200 km square or 400 Ian square areas were considered (Figure 4.16b,c). Alternate 

reasons than differing space scales for these two cmises (AMT 14, CDI58).must 

therefore account for higher measured POC flux in the 3000 m traps than that derived 

from extrapolated surface 234Th measurements 

ii) Particle settling speeds 

The extrapolated POC fluxes were compared to measured POC fluxes at 3000 m 

based on a settling speed of 120 m day-l (Lamp itt, 1985) However, changes in particle 

composition due to changes in upper water column ecosystems will be expected to 

alter the settling speeds and arrival time of export flux at depth. The settling speeds 

were therefore adjusted along the time scale so that surface and deep fluxes are 

compared at the time particles are expected to have reached the deep traps (i.e. 24 

days after the midpoint of cmise sampling) (Figure 4.30). Adjusting the horizontal bar 
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along the time line on Figure 4.30, so that extrapolated surface flux intercepts 

measured flux gives two alternate scenarios for P300 (July 2003). Either the surface 

flux would have to arrive at 3000 m just 9 days after sampling (instead of 24) at a 

settling speed of 322 m S-1, or 40 days after sampling at a settling speed of 73 m S-1. 

Given the nature of the PAP surface water ecosystem at this time (i.e. low f-ratios, 

lowest POCP4Th, small cells), a settling speed faster than 120 m S-1 (Lamp itt, 1985) 

appears unlikely and the slower settling speed of73 m S-1 more feasible. Similarly, for 

the extrapolated surface flux to intercept the measured POC flux on AMT 14 (May 

2004), the horizontal bar would have to adjust along the time line to arrive at 3000 m 

35 days after cruise sampling giving a settling speed of 83 m.s-1
. As the extrapolated 

surface flux of CD158 (June 2004) was higher than that measured at 3000 m, at any 

time following the cruise, it is not possible to adjust the settling speed to intercept 

surface and deep fluxes. 

iii) Variation of the Martin exponent. 

Apart from differing settling speeds, rates of remineralisation with depth that differ 

from those predicted by the Martin equation could also account for disparities in 

predicted versus measured fluxes. Martin et al. (1987) predicts the decrease of POC 

flux with depth according to the following equation: 

deep flux = surface flux/(deep depth/shallow depth)o.858 

Assuming that the particle settling speed of 120 m d-1 is correct, the Martin equation 

exponent (0.858) can be adjusted so that surface fluxes will match measured fluxes at 

3000 m. To achieve this on cruises P300 and AMT 14 (July 2003 and May 2004), the 

Martin exponent would have to decrease to 0.65 and to 0.58 respectively, implying 

that remineralisation rates must decrease to achieve the higher measured fluxes at 

3000 m. Conversely, on CD158 (June 2004), the Martin exponent must increase to 

1.60, thereby substantially increasing remineralisation rates before the lower 

measured fluxes are matched. Such deviations in remineralisation rates are related to 

the properties that characterise the surface water ecosystem. These include pelagic 

food web structure, the proportion of faecal pellets versus phytoplankton aggregates, 

the fraction of export associated with ballast minerals and their sinking rates, water 

temperature, and carbon demand of the mesopelagic bacteria and zooplankton 
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communities (Buesseler et ai., 2007). Similar deviations in remineralisation rates 

relative to Martin et aI. (1987) were measured by Buesseler et aI. (2007) whos' Martin 

exponent was lower than predicted (0.51) in the northwest Pacific subarctic gyre and 

higher than predicted (1.33) at the Hawaii Ocean time series (HOT) site. When 

applied to global biogeochemical models (e.g. Laws et aI., 2000), such variability in 

transfer efficiency has large implications for carbon sequestration below 500 m and 

equates to a difference of more than 3 Pg C year- 1 (Buesseler et aI., 2007). 

It is impossible to tell which (if either) of the two adjustments (settling speeds vs. 

Martin exponent) most likely accounts for the differences in extrapolated versus 

measured fluxes. However, in the case ofCD158 (June 2004), a fourth possibility also 

exists. 

iv) Trapping inefficiency 

Trapping inefficiency (i.e. under or over-sampling) has been a contentious issue for 

some time, particularly during periods of high flux (e.g. Sherrell et aI., 1998; Lampitt 

et aI., 2001). While it has long been recognised that near-surface traps provide 

unreliable estimates of flux (Buesseler, 1991; Buesseler et aI., 1994; Murray et aI., 

1996; Gustafsson et aI., 2004). Takahashi et aI., (2000) also suspected that under 

certain circumstances the deep trap funnel can become plugged with material, so 

preventing further collection. This was proposed to have occurred on two occasions 

(1990, 1992) at the PAP site where low measured flux coincided with a peak in 

modelled flux and a peak in marine snow concentration that was dominated by large 

particles (Lampitt et ai., 2001). It is thus also possible that the higher extrapolated 

POC flux calculated for CD158, in summer 2004 may result from sediment trap 

under-sampling during a period of high flux dominated by large marine snow 

particles. Based on the characteristics of the surface water ecosystem in June 2004 

(high f-ratios, ThE ratios, POC;Z34Th ratios, mid spring bloom), it is unlikely that the 

extrapolated surface flux would require such a significant increase in remineralisation 

rates (relative to that predicted by Martin et ai., 1987) and more likely that the lower 

measured fluxes at 3000m were due to trapping inefficiency. 

v) 234Th flux model and steady state assumptions 

215 

Univ
ers

ity
 of

 C
ap

e T
ow

n



As time series data covering the characteristic time scale of 234Th (mean half life: 34.8 

d) were not available, a steady-state approach was used to calculate 234Th export 

fluxes. Although it has been argued that a non-steady state system was unlikely (see 

section 4.4.5.1), the PAP site is part ofa temporally highly dynamic region and there 

is the possibility that the sampled snapshot is part of a non-steady state system on a 

time scale of a few weeks (the time scale of 234Th decay). Furthermore, the poorly 

constrained impact of lateral advection adds an unknown level of uncertainty to the 

234Th flux estimates. Steady-state estimates of export flux in a non-steady state system 

will tend to underestmate the true magnitude of flux variability and ultimately can add 

an unknown level of uncertainty to the POC flux estimates. 

4.5. (J Comparison of export from the PAP site and the NABE 

The PAP site is about 350 km northeast of the 1989 JGOFS North Atlantic Bloom 

Experiment (NABE) site (47"N, 20°W) (Figure 4.1) from which a considerable body 

of information on upper ocean processes was accumulated (Ducklow and Harris, 

1993b). Given the relative proximity of the two sites, they may be considered similar 

(Lampitt et ai., 2001) and worthy of comparison. However, from a benthic perspective 

the PAP site is significantly different, because the seabed is flatter and the absence of 

topographic undulations makes the site less spatially variable. Such variability can 

result in problems when interpreting data and this provided the reason for locating the 

PAP site long-term study in its present position (Lampitt et ai., 2001). 

Carbon flux measurements during the NABE were carried out earlier in the year (24 

April to 30 May) than at the PAP site (typically June/July). During NABE, the onset 

of stratification in late April was associated with primary production rates of ~ 100 

mmol C m-2 d- 1
, a large diatom bloom, and a decrease in surface N03 from ~6 to ~l 

mmol m-3 (Buesseler et ai., 1992a) as well as decreased silicate (Lochte et ai., 1993). 

It was during this diatom-dominated period in early May, that surface 234Th export 

fluxes (at 35 m) peaked from 1280 to 2610 dpm m-2 d-1
, after which they decreased to 

~ 1000 dpm m-2 d- 1 by the second half of May (Figure 4.31). The deeper 234Th flux at 

75 m however continually increased from late April (1720 dpm m-2 d- 1
) through May 

to reach a maximum at the end of May (3600 dpm m-2 d- 1
), suggesting that as the 

bloom progressed, a two-layered system was established, with more of the export 
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"nginating from helow th~ mixed layer in the later stages of the hl(>(>m muesscler et 

ai , 1992a). As the "bserved change in '''Th al'tiviry with time was often the largest 

term in the blldgd, a II{ln-steady state model was used to estimate carbon flux 1'01 

three time mt~wals; early bloom in bt~ April (24/4-_~/~ ) , mid hloom ill early May 

(.V~-I W.~ ) and late bloom toward the end of May (19/5-30./5), 

2~ 1r:\o1 _ 5,'b "', Hl.'5 

Date (ddlmmlt989) 

Fj~ur. 4.31. Nd "'4Th f]\lX (dpm m-'· dO' ) IT"", 3~m Md 7~", <)/\ tbe 1989 
_I['.oFS North 1\ 11.n11, Bloom Experiment ('JIIIl E), Flu.".I" of .t , \ 19'J2), 

As >50 11m bulk water :;amples were not ayailable to derive POC/'3'nl ratios. 

Bllesseler et al (1992a) proposed an upper and lower limit On POC export by lIsing 

Plx:!"'Th ratios from the total particulate fractioll ,,1 jIm and from the 150 m 

sedimellt trap (see Table 4.6), As the me.1sured or assumed POC/'''Th ratios of 

senling material play:; a crucia l role in determining POC' export, their method of 

denving POCi"'Th ratios is considered further. The POC..-""th ratios and hence PlX: 

expon from paniculme material> 1 "m were much higher than those n-Oln their 150 m 

tmp (Table 4.6), pos:;ibly due to living phytoplankton > I "m that attract ollly very low 

concentrations of thorium (Coale, 1990; Buesseler et aI. , 1992a; Cochran et al.. 1993), 

Although absolute fluxes measured by :;urface (i, e. 150 m) sediment trap:; are known 

to under Or over sample !ly.1 factor of 2 10 3 (BlIesseler 1992.1), it is a,sllmed that [he 

sample they collect is representative of the sinking material (BlIesseler et ai., 1992), 

As theNABE sediment trap at 150 In wa, below tile !la,e of the euphotic zone (,15 m), 
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POC 11u)[ from thi, trnp ShOllltl howevcr b,' "(lns"lcred a I",ver limit as >;()me 

prcfercnti~ll""minl"fn l isaliol1 of carbon rclah\"e to 1HTh wwld oc ex!,<,cted. 

T>l>k: 4.6 1'0<.:;"~rh fa(io<; from' > 1 ~'" 10101 patlkula ,c malmal O/ld ("rom, 
150m n""tong ,cdimenl [rap. fl.,. ,oll c,""( during [he J(;(Jrs ;-<on l, 1It1"",i" 
Bloom Expcnmcnl (NABEl in M,)' 1 9~Y by B"""cicr e1.1 (I <;t<l1b) 

>l~m Tmp 

Dale, L>cplh PUCt'''Th POtl'"'n. 
(ddiIJUnil989) 1m) (~rnul dEm-l) (~J"',l dEnJ-I ) 

24/4 - SI5 " 14.2 (H) 
75 20,5 (3. 'J) 

SI~-191.'1 35 1.'1,7 (~.'J) 

70 23 (.'1.9) 

Given that PCX' flux e>;timates from the NAIlE >1 ",m POC/1J4Th Talios aT~ probably 

overcstimated, while at the PAP sileo the poe flux e~limate~ wer~ b~s~d on SAPS 

>50)lm ~nd PELAGRA POCP'Th ralios (Figll1'e 4.14), only POC fluxes estimated 

fmm the NAIlE 150 m soonu"nt trap POO'''Th ratios (Figure 4.32) are Cllmpared to 

PAP POc.' flux est irnah's (Figure 4.24), 
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1989 X,()FS '\'orth Allanlic Bl()(}m b.p.orimenl (~ABEI. 1.\""",0\0' et "'-, (I '!'I21. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



The POC nux (75 m) durmg the NAIJE was lowest "t the bcglllnlllg of II", hl()()lll 

pef]()t1 m late Apri l (6.7 mllwi em" d": Figure 4.32): hig l"'f y~l ~omparahle to pre 

hloom condilions rn~a8llred 'It the PAP site onAMT 14 (5.3 mmol C n," d"):1-'S well 

as post hloom nuxes m~a,;ured ill Ju ly 2003 (P300: 5.03 ± 1,04 mm,,1 C m'l (rL
) alld 

July 2005 (D295!6; 5.6R ± 1.53 ml1l<ll C m 2 <r ') (Figure 4.24).POC tlu", t1unng lhe 

NABE iucwased in the middle of tl,., hloom in mid May to 1'1.8 lrunol C m 2 ci t 

(Figllre 4.32), Dcspit<-" --·50':'. ci cnea,e m surface (35 m) poe fllll< from 15.4 to 7.7 

"'mol em ' d" ). the 75 In flux continlled to ill<OTease (0 2';,6 rnmol C III 
1 d l during 

the late bloom 'It tllC end of May (Bucssekr et a1. 19na) (Fif,ltr~ 4,32). Th~,e hlooIll 

tlul<es are comparahk to thos~ m~asured "lthe PAP Sltu on CD15N (23.6':1 ± ~. 75 

Hlmol C Ill'! d" ) and D306 ( 14.70 ± 17" mmol C In ' d I) (F, gHr~ 4.24), 
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Datg (ddlmml1 ~!~) 

Figure 4.33. ThE r"'lO' at .15 and 75m "a!culatN from inle&mted Pl an"), 
PW,h><fi(lfl (mmoJ C Ill" d" ) lWld 1'\)(: expo .. t ootimatcd frOOl the 150m .cJJmcnt 
tmp PlX:/"'n, mt"" un tho 1989 ](;OFS :\'urtb Atlonti< RhHll Experiment 
I NABH B""",dor ct al. ( t "92) 

ThE ratios for the NA BE (75 m) (Figure 4 ,33) and the PAP site (Figur~ 4.26) w~re 

also similar Wilh low jM' ratios 10.07) of the early bl()(}1l) period on :'lAllE 

corresponding to similarly low ThE rat ios in pre (0 .07; AMT 14) anci po'( (0,04 ± 
0.Dl. P300 and 0.07 ± 0,02: D295i6) bloom conditions at (h~ PAP site (Figure 4.26), 

Where:~, high 111i-: ratios ill the mid and late bloom on NABE (0,20 and 0.31) (Figure 
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4.33) are comparable to those estimated during bloom conditions at the PAP site (0.31 

± 0.07; CO 158 and 0.19 ± 0.02; 0306) (Figure 4.26). 

Surface ThE ratios (35 m) at the NABE (Figure 4.33) tracked the progression of the 

food web and bloom dynamics, ranging from 0.05 to 0.16, with the peak in surface 

ThE coinciding with the middle and later part of the bloom (Buesseler et aI., 1998) 

(Figure 4.33). Peaks in surface export and surface ThE occurred as the mixed 

coccolithophore and diatom-dominated assemblage evolved into one dominated 

entirely by diatoms. The later transition to lower surface POC fluxes and lower 

surface ThE ratios in late May followed Si depletion and coincided with the change in 

the dominance of the phytoplankton community to small phytoflagellates (Verity et 

aI., 1990). Verity et al. (1990) suggested that small protozoans had sufficiently high 

grazing rates to consume the bulk of the primary production, thereby limiting particle 

export. ThE' ratios at the PAP site were also shown to track bloom dynamics, with 

high ThE ratios (0.31 ± 0.07) in June 2004 (CDI58) (Figure 4.26) being associated 

with high POC;234Th ratios (Figure 4.23) indicative of large cells (e.g. diatoms) 

settling quickly out of the water column. Intermediate ThE ratios (0.19 ± 0.02) in 

June/July 2006 (0306) coincided with a decrease in the POC flux and the transition 

from diatoms to smaller cells (lower POCP34Th) following Si depletion (Figure 4.4). 

Low POCP34Th ratios, low POC fluxes and low ThE ratios were found during post 

bloom conditions where low surface nutrient concentrations, deep chlorophyll 

maxima and a stable thermocline resulted in a tightly coupled microbial food web 

dominated by small cells and effective microzooplankon grazing. Low ThE ratios 

found in pre bloom conditions were associated with high nutrient concentrations but 

low chlorophyll concentrations where growth was probably constrained by an 

unstable surface mixed layer due to insufficient warming. 

4.6 Summary and Conclusion 

Fluxes of POC from surface waters in the North East Atlantic (PAP) have been 

estimated using the natural tracer 234Th. POC fluxes were low in July 2003 (P300; 

5.03 mmol C m-2 d-1
), May 2004 (AMT 14; 5.30 mmol C m-2 d- 1

) and July 2005 
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(D295/6; 5.68 mmol C m-2 d- I) but high in June 2004 (CDI58; 23.69 mmol C m-2 d- I) 

and intennediate in June/July 2006 (D306; 14.70 mmol C m-2 d- I). 

The inter-annual variability in POC flux is governed by the timing of each cruise with 

respect to the seasonal development of the North Atlantic spring bloom. Low POC 

flux was associated with pre (May 2004; AMT 14) and post (July 2003/5; P300 and 

D295/6) bloom conditions, whereas high POC flux was associated with peak (June 

2004; CD158) and early declne (June/July 2006; D306) bloom conditions. Similarly, 

estimates of temporally and spatially averaged primary production compared with 

234Th derived POC export (ThE) gave low export efficiencies (~6%) in pre and post 

bloom conditions (May 2004, July 2003/5) compared to higher export efficiencies (31 

-19%) in spring and early decline bloom conditions (June 2004, June/July 2006). 

Although surface production and deep carbon export (3000 m) are directly coupled 

over the annual seasonal cycle with pronounced maxima during the summer (Lampitt 

et aI., 2001), comparisons of primary production and surface carbon export carried out 

only in the high productivity summer season showed no relationship. 

Although in situ f-ratios showed a significant relationship with POC flux and ThE 

ratios, f-ratios for all cruises were overestimated with respect to ThE ratios and no 

significant differences were evident between cruises, as was the case with POC flux 

and efficient carbon export (ThE). However f-ratio calculations are only valid on 

appropriate time scales and depend on a number of assumptions (e.g. steady state, 

negligible nitrification and N2 fixation). As these assumptions are not always the case, 

particularly in the subtropical gyres, and as our comparisons were made over the same 

productive season, it is not confounding that f-ratio estimates did not provide an ideal 

proxy for POC flux or efficient POC export. 

POC flux and efficient POC export (ThE) instead appeared to be largely detennined 

by the POC;Z34Th ratios of the settling material, with high POC;Z34Th ratios (25 /-lmol 

dpm-I) associated with the spring bloom in June 2004 (CDI58) compared to pre and 

post bloom conditions (mean = 4 /-lmol dpm-I) in July 2003, May 2004 and July 2005 

(P300, AMT 14, D295/6). These results suggest that (in the summer season at least) 

efficient carbon export is governed by the characteristics of the phytoplankton 

community which detennine the composition of the settling material. The 
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phytoplankton community (succession between diatoms and pico-nanophytoplankton) 

is in tum governed by environmental controls (physical stability, light, nutrients) on 

the surface water ecosystem that determines the timing, magnitude and duration of the 

spring bloom and its associated carbon flux. 

Results from the PAP site compare well with those of the 1989 JGOFS NABE which 

tracked the North Atlantic spring bloom over a 5 week period to give POC flux 

measurements for early, mid and late spring bloom. POC flux (75 m) at the beginning 

of the NABE (6.7 mmol C m-2 d- 1
) was higher yet comparable to pre and post bloom 

fluxes at the PAP site (~5.34 mmol C m-2 d- I
), while POC flux in mid (19.8 mmol C 

m-2 d- 1
) and late (26.6 mmol C m-2 d- 1

) bloom on the NABE were analogous to those 

measured during the spring bloom (~23.69 and 14.70 mmol C m-2 d- 1
) at the PAP site. 

ThE ratios for the NABE (75 m) and the PAP site were also similar with low ThE 

ratios corresponding to the early bloom period on NABE (7%) and pre and post 

bloom (6%) at the PAP site. Whereas high ThE ratios in the mid and late bloom on 

NABE (20% and 31 %) were comparable to those estimated at the PAP site (~31 % 

and 19%). 

The combination of particle modification and decay, advection and variable sinking 

speeds has the potential to significantly modifY the surface signal of POC flux relative 

to that measured at 3000 m. Surface POC fluxes (~1 00 m) extrapolated to 3000 m 

according to the Martin exponent (Martin et aI., 1987) are compared to measured POC 

fluxes 24 days after the mid point of cruise sampling; i.e. the time it would take for 

particles sinking at 120 m dai1 (Lampitt, 1985) to reach a 3000 m trap. Lower 

extrapolated POC fluxes for July 2003 (0.27 mg m-2 d- 1
) and May 2004 (0.29 mmol m-

2 d-1
) (P300 and AMT 14 respectively) than measured fluxes at 3000 m (0.55 and 0.74 

mmol m-2 d- I respectively) suggest that particles were either settling slower than the 

assumed 120 m d- 1 and or remineralised less than predicted by the Martin equation. In 

June 2004 (CDI58) the extrapolated flux (1.28 mmol m-2 d-1
) was much higher than 

the measured flux (0.10 mmol m-2 d- 1
) implying a remineralisation rate much higher 

than that predicted by the Martin exponent. However given the characteristics of the 

surface water ecosystem at the time (high f-ratios, ThE ratios, POCP34Th ratios, mid 

spring bloom) it is more likely that the sediment trap is under sampling during a high 

flux period of large particles as has previously been suggested (Sherrell et aI., 1998; 
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Takahashi et aI., 2000; Lampitt et aI., 2001). Alternatively, an incorrect assumption of 

steady state in the 234Th flux model could have resulted in an overestimation of the 

surface POC flux estimates. If this is the case then although difficult to predict using a 

standardised sinking and remineralisation rate, seasonal and inter-annual variability in 

new production and surface export is translated into comparable variability at depth. 
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Thesis Summary 

The central subtropical gyres of the open oceans have long been regarded as "marine 

deserts" with consistently low rates of primary production and export (Karl et aI., 

1996, Teira at aI., 200S). However more recent studies have shown a large degree of 

variability in phytoplankton productivity which coupled with the immense size of the 

gyres, makes their overall contribution to global carbon export significant. 

Nevertheless, very little is known about the specific role of the north and south 

Atlantic gyres in the context of the global carbon budget. This study set out to address 

some of these shortcomings with the following aims in mind; 

i) to measure how much photosynthetically fixed CO2 is exported from the 

surface waters of the north and south Atlantic gyres and the efficiency of 

the biological pump in transferring this carbon to below the seasonal 

thermocline, 

ii) to asses the degree of seasonal and temporal variability in carbon export, 

iii) to test the "ballast hypothesis" by ascertaining whether a relationship 

exists between sizeable and efficient export of organic carbon and that of 

biominerals, and 

iv) to determine the link between surface phytoplankton production and 

surface and deep carbon export and the spatial and temporal variability that 

regulates this flux. 

To better constrain carbon and mineral export from the North and South Atlantic 

subtropical gyres, the above aims were addressed using the 234Thl238U disequilibrium 

technique to estimate fluxes of particulate organic carbon on three Atlantic Meridional 

Transect (AMT) cruises between ~ SODS and ~ SO~ (AMT 12 in May/June 2003, 

AMT 13 in September/October 2003 and AMT 14 in April/June 2004). Simultaneous 

biomineral (calcite and opal) flux was estimated on AMT 14. Additional time series 

data was provided by S cruises to the PAP site (49° N l6.So W) in the north east 

Atlantic in June/July 2003 to 2006. The export efficiency of the biological pump was 

determined by the amount of export relative to surface production and expressed as 

ThE ratio. Results from this study suggest the following; 
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i) Carbon export in the oligotrophic centres of the gyres was low and 

characterise tightly coupled regeneration based microbial food webs. The 

equatorial divergence and upwelling regions were characterised by a 

shallower surface mixed layer, increased N03 in subsurface waters and 

enhanced POC export. At the gyres' northern and southern temperate 

fringes, higher productivity is supported by increased nutrient supply from 

the deep ocean and POC export was substantial. The majority of ThE ratios 

are low and consistent with small cells and efficient regeneration of the 

microbial loop. However occasional high ThE ratios, particularly at the 

poleward edges of the oligotrophic gyres, suggests uncoupling of primary 

production and export. This points to the occurrence of pulsed high export 

events that may result from episodic nutrient loading processes associated 

with submesoscale features that significantly influence annual export. 

ii) Seasonal variation between the two oligotrophic gyres showed more 

enhanced particle removal from surface waters in austral autumn compared 

to boreal spring. As export lags production, the higher flux results for 

autumn are attributed to the summer growth period. Despite relatively little 

difference between phytoplankton community structure and primary 

production between the cruises, ambient N03 concentrations, N03 uptake 

rates and POC fluxes for the entire AMT 14 transect were higher than 

those of AMT 12 and AMT 13. The reasons for such differences remain 

unclear but but provide a good focus for future research. 

iii) Although the relationships observed between orgamc carbon and 

biomineral flux and the similarities in average ThE for the different 

particle types suggests a mechanistic relationship between carbon and 

biomineral export, this breaks down when viewed on a regional basis. 

Efficient carbon export from the euphotic zone appears less dependant on 

efficient biomineral export than on the mechanisms by which biominerals 

and POC become associated. These mechanisms are determined by 

latitudinal differences in the characteristics of the planktonic community 

composition (e.g. size spectra, taxa) and ecology (e.g. physiology, grazing 

pressure). Exceptions to the general pattern do however occur and 

effective ballasting by biominerals may enhance the efficient export of 
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carbon following pulsed high export events where the flux is likely 

dominated by senescent diatoms and or large aggregates that sink faster 

than the timescale for significant biomineral dissolution. Due to significant 

remineralisation of organic carbon relative to biominerals during sinking, 

opal and calcite are 'chemically' decoupled from organic carbon below the 

euphotic zone such that their potential for effective ballasting of the 

remaining organic carbon increases with depth. 

iv) Inter-annual variability in the magnitude and efficiency of poe flux at the 

PAP site is governed by the timing of each cruise with respect to the 

seasonal development of the North Atlantic spring bloom and highlights 

the environmental controls on productivity and poe flux. poe flux and 

ThE over the summer season did not appear to be determined by net 

primary production or to the proportion of productivity based on new 

production (f-ratios). However the POCP4Th ratio of the settling material 

did provide a good proxy for poe flux and ThE and emphasizes the 

important role that community structure plays in governing particle 

formation and the characteristics of the sinking flux, which ultimately 

determines the efficiency of carbon export. Higher export flux and 

efficiencies were associated with higher POCP4Th ratios characteristic of 

larger cells such as diatoms that have faster settling rates allowing less 

time for remineralisationldissolution, whereas lower POCF34Th ratios 

characterise smaller cells and aggregates of the microbial loop where 

efficient remineralisation in surface waters leads to inefficient export. If 

indeed the 3000m sediment trap was under sampling during a high flux 

period of large cells in summer 2004 then seasonal and inter-annual 

variability in surface poe export appears to be translated into comparable 

variability at depth. However it is clear from deviations in standardised 

settling speeds and remineralisation rates that the composition of the 

settling flux will largely determine the efficiency with which it is exported 

to depth. Such variability is poorly constrained by existing data and not yet 

taken into account in ocean models however it has significant implications 

for carbon sequestration below 500m and therefore needs to be considered 

more fully in the context of global carbon export. 
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POC flux results compare well with other 234Th based POC export studies carried out 

in the Atlantic Ocean. These include i) The JGOFS spring bloom study at the 

Antarctic Polar Front (APF) (Rutgers van der Loeff et aI., 1997), ii) The sUbtropical 

and equatorial study by Charette and Moran, (1999), iii) the Bermuda Atlantic Time 

Series study (BATS) (Michaels et aI., 1994) and iv) the JGOFS North Atlantic Bloom 

Experiment (NAB E) (Buesseler et aI., 1992). These direct measurements of POC 

export also fit modelled estimates from the Princeton General Circulation Model (a 

phosphorus-based nutrient cycling model) remarkably well throughout the transect 

despite the different approaches and time scales of the two methods. Time series 

analysis at the PAP site which sampled different stages of the North Atlantic spring 

bloom also compared well to a time series analysis of a spring bloom at the NABE. 

Pre and post bloom POC fluxes and ThE at the PAP site were lower yet comparable to 

early bloom conditions at the NABE, while mid and late bloom fluxes and ThE were 

similar at both sights. 
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