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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 >*Th and **U were used to
estimate fluxes of particulate organic carbon (POC), 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 POC export (~2 mmol C m™ d™') was associated with the central subtropical
gyres, where productivity was lowest (~18 mmol C m™ d”), characterised by tightly
coupled regeneration based microbial food webs. Enhanced POC export (~8 mmol C m™
d") typified the equatorial divergence and upwelling region north of the equator.
Increased POC export (~15 mmol C m™ d') was also found at higher latitudes where
higher productivity (~31 mmol C m™? d™') is supported by increased nutrient supply from
the deep ocean. Estimates of biomineral and POC production were compared with **Th

derived export to investigate the efficiency of the biological pump (7/4E). Similarities in



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 TAE from the PAP were low (~5 mmol C m™= d™;
0.06) in pre and post bloom years but high in years that sampled during peak (~24 mmol
Cm?d";0.31)and early decline (~15 mmol C m? d"; 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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Based on the melationship between @ sife measured  surface  chlorophyll-a
coneentrations and imtegrated primary production measurements (Figure 415 & =
75, n o= 25 P =0.01), tume and space averaged pnimary prodoction estimates
(integrated over the cuphotic zone) woere caleulared for each of the 5 cruises (Figure
4.19). To estimate an error on these caleulations, an attempt was made to compare
satellite estimates of surface chlorophyll at the PAP site for the same day as sampling
in sifu surface chlorophyll concentrations, However, anly 7 out of the of the 27 days
sampled for in sify chlorophyll had satellite chlorophyll estimates due to clowd or fack
of overpass; too fow data pomts to permut a relationship and ermor estimates for
satellite derived primary production, Satellite derived primary production rates were
highest i June 2003 (118,27 mmol C m*d ') and similar for the temaining 4 cruises

{2004-2006) ranging from 75.2 to 86 .4 mmol Cm”d ' (Figure 4.19).
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A strikipg difference is observed berween satellite denved estimates ol surface
chiorophyll-a {Figure 4.17) and primary production {Figure 4,19} relative to in sty
chlorophyll-a (Figure 4.20) and primary produetion measurements (Figure 4.7). The
higher chlorophyll concentration (089 mg m} observed in the satellite averages
(Figure 4.17) for July 2003 (P300) is not apparent in sitw (.09 + 0.01mg w™) (Figure
4.20). Conversely, the higher in sitw chlorophyll concentrations (.53 + 0.09 and (.53
1 0.35 mg m™) (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™) (Figure 4.17). Similarly, the variability observed in in sifu primary production
rates (Figure 4.7) of a nearly three fold increase in carbon uptake from ~29 mmol C
m™ d" in July 2003 and May 2004 to ~75 mmol C m d* 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” d) from 2004-
2006. The higher satellite primary production (Figure 4.19) observed in 2003 (118
mmol C m? d) is also not evident in situ (28.88 + 6.95 mmol C m™ d’'; 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 '*N-derived f-ratios to
ultimately calculate the fraction of new production relative to total production (see
Lucas et al., 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 4.21b). 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™ d™') but similar to the
remaining 4 cruises (2004-2006) which ranged from 23.04 to 25.70 mmol C m? d*
(Figure 4.22). As was the case with satellite derived versus in sifu primary production
rates; the large degree of interannual variability observed in irn sifu new production
(range = 3.27 to 25.65 + 10.83 mmol C m™ d”'; Figure 4.8) was not evident in the
satellite derived estimates (Figure 4.22).
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4.5.3 Surface POC export

Figure 4.13 shows that measured PELAGRA trap POC fluxes were generally lower
than **Th based modelled fluxes using either the SAPS or PELAGRA POC/**Th
ratio. A positive or negative collection bias of a factor of 2-3 between upper ocean
neutrally buoyant trap fluxes and those calculated from **Th water column
distributions are quite common (Buesseler, 1992a). Three explanations for the
observed differences in POC flux estimates are:

1) a low trap collection efficiency

i) differing time and space scales for PELAGRA and 24Th flux measurements

and/or

iii) deficiencies in the ***Th 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 5-100 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

234Th based modelled fluxes and could thus account for

be representative of the
differences in modelled versus trap measured POC flux. Based on these discrepancies,
the following discussion of POC 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/**'Th ratios

The conversion of thorium fluxes into POC fluxes is very sensitive to variable POC/
24T ratios and therefore needs careful consideration. In most data sets, POC/ »**Th
ratios decrease with depth (Buesseler et al., 2006) as a result of a combination of
factors that include preferential mechanical breakdown and remineralisation of POC
with depth but retention of *Th on sinking particles, as well as changes in surface
binding ligands with depth (Buesseler et al., 2006 Speicher et al., 2006). In this study,
two POC/*Th 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-¢). As the PELAGRA traps were deeper than the SAPS
pumps, one would expect PELAGRA POC/**Th 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 pmol dpm™) substantially higher than that of the PELAGRA trap (24.75
pumol dpm™) whereas in June/July 2006 (D306) the opposite occurred with the
PELAGRA POC/?*Th ratio (13.03 pmol dpm™) being much higher than the SAPS
POC/?*Th ratio (3.24 pmol dpm™).SAPS and PELAGRA POC/**Th ratios were
similar in July 2003 and 2005 (P300 and D295/6 respectively).

The lack of a collective trend in decreasing POC/***Th 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 (D306) where two
PELAGRA traps were deployed at 150 m and 250 m, the POC/**Th ratios decreased
with depth from 15.84 to 10.82 pmol dpm, illustrating the expected decline in ratio
with depth. Although the higher PELAGRA POC/?*Th ratios relative to SAPS ratios
on D306 is unusual, POC concentrations and ***Th 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/***Th ratios must be considered valid.

However this was not the case with the unusually high SAPS POC/**Th ratio (53.22
umol dpm™) in June 2004 (CD158). Although POC/>**Th ratios >100 pmol dpm’
have been reported (Buesseler et al., 2006), the high POC/2**Th SAPS ratio on CD158

is considerably higher than studies in similar regions such as the equatorial Pacific
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where POC/**Th ratios ranged from <0.5 to 6.5 pmol dpm™ (Buesseler et al., 1995,
Bacon et al., 1996, Murray et al., 1996), the subtropical Atlantic where POC/***Th
ratios on AMT 12 and AMT 14 ranged from 1.5 to 27.4 pmol dpm™ (section 2.4 .4;
Table 2.4a,c) and in the southern subtropical and equatorial Atlantic where POC/***Th
ratios averaged at 24 + 12.2 pmol dpm™ (range 0-35 pmol dpm™) (Charette and
Moran, 1999). Charette and Moran (1999) suggest that different sampling techniques
(i.e. bottle vs. in situ filtration) may yield different POC/***Th 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 al., 2003; Liu et al., 2005; Moran et al., 1999; Buesseler et
al., 1996)

A high POC concentration will clearly increase the POC/***Th ratio, but the unusually
high POC/?*Th ratio on CD158 (53.22 pumol dpm™) was instead due to very low
SAPS thorium activity (2 dpm m™) relative to the SAPS mean of 53 + 25 dpm m™
(range: 25-89 dpm m™, n = 7) on all other cruises. Although the POC/**Th ratio in the
PELAGRA trap in June 2004 (CD158) was also higher than for all other cruises
(Table 4.5), its’ thorium activity (346 dpm m™) fell within the overall range sampled
of 234-531 dpm m” (mean = 338 + 117 dpm m” n = 5). The high POC/?*Th ratio
resulted from a higher POC concentration of 8.6 pmol m~ compared to values in the
range 1.83-8.09 pmol m~ which characterised the other cruises. The reason for low
2%Th 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 al., 2006) that ***Th preferentially tracks,
rather than total colloidal (nm-pm) or marine snow (mm-cm) carbon (Guo et al.,
2002a; Santschi et al., 2003; Passow et al., 2006). Thus if a large percentage of the
particulate matter <50 pm consisted of colloidal organic carbon, rich in (acyl)
polysaccharides, the POC/~**Th ratio of the >50 pm fraction could have low thorium
activity and therefore a high POC/***Th 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 the similarity in POC/ " Th ratios between
SAPS and PELAGRA samples on all other croises, the low “'Th activity of the
CD158 (June 2004) SAPS sample and comsequently the unusually high POC*Th
ratio of 53.22 pmol dpm™’ (resnlting in & POC flux of 50.93 mmol} is considersd
unlikely, Therefore just the PELAGRA POC/” ™ Ih ratio from CDI58 15 used to
calculate a POC! flux. For the remaintng cruises where both SAPS and FELAGRA
were sampled, the mean POC/™Th ratio between the SAPS and PELAGRA samples
{(Figure 4.23} is used to calculate POC flux. The resultant POC fluxes averaged over
cach cruise (Figure 4.24) for Tuly 2003 (P300), May 2004 (AMT 14) and July 2005
(D295/6) were all low {fmean = 5,34 1 0.33 mmal C m d"i} but high on CI)58 in
June 2004 (23,69mmol C m” d') and mtermediate on D306 1 Tune/Tuly 2006 (14.70
mmol C m~ d'y. The average POC fluxes differed significantly berween years
(Kruskal-Wallis ANOVA Hy ¢ = 13,226, p<1.05). Post hoc multiple comparnison tests
revealed that POC flux on CD158 (June 2004) was significantly higher than on P300
(Juby 2003} and D295/6 (July 2005), Note that AMT 14 (May 2004) could not be

included in the statistical analysis as this cnese contazned only 2 single dats point.
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High POCA**Th ratios such as those found in June 2004 {CD158) (Figure 4,23, Tahle

2.5) are o be expecied from large particles with low surface area to volume ratios
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{Buesseler et al., 2006). Their typcally faster sinking velocities also allow rapid
transter to the sea floor and less time for remineralisation/dissolution. Conversely, low
POC/™Th ratios, as were found on the remaining four cruises, are expected from
small cells with low sinking rates {Reigstad, 2000). In such instances, slowly settling
particles tend to apgregate andior be transformned mto  faecal pellets by
microzooplankton  grazing (Landry et al. 19497} As carbon s preferentially
remineralised relative (o “Th dunng grazing and bacterial degradation of ageregates.
{(Arraes-Mescoff et al,, 2001; Fisher ot al., 1987), they become enriched in T and
are therefore characterised by low POC I ratios (Copolla et al,, 2002). The higher
POC*1h ratios recorded in June 2004 (CD158) theretore sugpest thal particles
settling out of the water column were either larger (i.e. rapidly scttling, little re-
mincralisation) andior had less affinity for thoriom (e low in natoral acid

polysaccharide | APS |-rich TEP ligands | Santschi et al.. 20067}
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Figure 424 POC Thuxes (mmel © w7 d7) caleulated from the PO Th ratios of
figure 4.21 and averaged over gach cruise. Ermor bars represent mean — 1500

Whal evidence do we have for these alternate types of settling particles? During two
spring/summer pertods at the PAP site in 1990 and 1992, marine snow flux was
recorded at 3000 m by Lme-lapse photogrphy and showed a strong peak n
concentration during the initial downward flux of material (Lampitt ¢t al,, 2001). In
hoth instances, peak volume flux was mainly generated by large rather than small
particles, suggesting that large particles dominate at the start of the depositional pulse,

while smaller aggregates domunate 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 al., 1992; Verity et al., 1990). Higher POC/***Th 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 pico-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 NO; (~0.04 and ~0.23 mmol m’3) (Figure 4.25) and surface chlorophyll (~0.09
and ~0.25 mg m™) (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 2*Th fluxes for these two cruises (mean = 1612 + 376 dpm m™ d”*
n = 7) (Figure 4.12) which suggests substantial removal of 24Th 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 NO; uptake is

considered an energy expensive process requiring a high light environment (Tett and

202



Edwards, 1984), this may cxplain low new nitrate-based production rates found in
July 2003 (P300, Figore 4.8) despite high integrated MO concentrations (Figure 4.4).
Indeed, DCM productivity by mosily small cells best able (o scavenge nudrients at low
concentrations 1s ¢lassically based primanly on regenerated mitrogen {Tommermans et
al., 2001; Veldhus et at,, 20035; Robinson et al,, 2006}, This supports the observalion
that POCS T ratios in July 2003 and 2005 (Figure 4.23) were the lowest recorded
(mean = 3.2 + 107 pmol dprm'l' n — 4}, suggesting that the phytoplankion community
was dominated by smaller non-diatom cells andfor aggregates, which despite a
substantial Z*Th flux {Figure 4.12), resulted in low carbon export (mean = 549 +1.36
mmol Cm™ d’ n=7) (Figure 4.24),
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In contrast, the AMT 14 visit to the PAP site in May 2004 sampled the region prior to
the spring bloom when suriace nitrate concentrations were still high (4.5 mmol m™)
within a deep surfuce mixed laver (40-60 m}), prier to summer shoaling (Figure 425},
Low chlorophvll concentrations (~0.1 mg m™} were fairly consistent throughout the
surface 60 m {Fipure 4.5b), with a slight peak ar 15 m (Figure 4.25). POC/ M Th ratios
for this station wete also relatively tow (6 pmol dpm'') (Figure 4,23}, suggesting 4
population dominated by small cells. Unlike the post bloom cruises P30{ and D295/6
that showed 2 substantial “*Th flux, AMT 14 exhibited the lowest ¥ flux (884
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dpm m” d' (Figure 4.12), indicative of low thorium removal by settling particles

prior to the onset of the spring bloom.

On the other hand, CD158 and D306 (June 2004 and June/July 2006 respectively)
were sampled within the peak (CD158) and early decline phase (D306) of the spring
bloom. The SML on CD 158 was well defined and shallow (~15 m) (Figure 4.25),
ambient concentrations of NO; (~544 mmol.m?), Si(OH), (~128 mol.m?) and PO,
(~35 mol.m?) (Figure 4.4) were still non-limiting and supported chlorophyll-a
concentrations of (~0.53 mg m™) in the surface 12 m, with no indication of a DCM

2%Th flux (~957 dpm m™ d') may be expected as

(Figure 4.5¢). At this time, a low
maximum particle export typically occurs only after nutrient limitation and bloom
senescence (Buesseler et al., 2004). However, despite the low thorium flux, the
exceptionally high POC/>**Th ratios (25 pmol dpm™) suggest that large cells such as
diatoms were rapidly settling out of the water column, with little POC
remineralisation, resulting in both the high POC/**Th ratios and high POC fluxes

found at this time (Figures 4.23, 4.24),

D306 sampled slightly later in the year (Table 4.1) when the SML was slightly deeper
(~18 m), surface NO; concentrations were lower (~1.0 mmol m‘3) than CD158 but
higher than post bloom cruises (Figure 4.25) and, although surface chlorophyll
concentrations were the same (~0.53 mg m”) (Figure 4.20), there was evidence of a
DCM at ~23 m (Figures 4.25, 4.5¢). The high >**Th flux (~1808 dpm m* d™') for this
cruise (Figure 4.12) suggests substantial removal of >**Th by settling particles in the
previous weeks. While the POC/?**Th ratios (~8 pmol dpm™) were much lower than
on CD158, they were higher than pre and post bloom cruises (in particular in the
deeper PELAGRA traps [mean = 13 + 3 pmol dpm™ 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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PO Hux estimates. The magnitude of export effiviencies ( TAE) averaged over cach
cruise were akin to measured PO export {t — 1, n — 5, P =0.001) with low ThE
values {0.06 + .02) for P3O0 (Juby 2003), AMT 1[4 (May 2004) and D295% (July
2005 compared to high ThE values (031 + 0.07) for CD158 in June 2004 and
intermediate TAE (019 1 0.02) for D306 (June/July 2006) (Figure 4.26). ThE ratios
ditfered significantly between cruises (Kroskal-Wallis ANGOVA H; 5 = 13,597,
p=ih.05). Post hoc multiple comparison tests revealed that Th% ratios on CD138 (June
2004) were significantly higher than on P300 (July 2003) and 12295/6 (July 2005),
Note that AMT 14 (May 2004) could not be included in this statistical analysis as this
criise had only a single data pomt. It thus appears that 6% of primary production
was exported during pre- and post-bloom periods, while ~31-19% was exported
during the peak and early decline phase of the spring bloom. and that efficient export

was independent of primary production (£ — 0.6, n= 5, P=0.05).

by 1.0 - _
[ |
E 0.9 4
=3 a4 -
=
g 0.7+
=
% E 0.5 -

= (.54
2%
2 _g 44 2
® O
w e 34
E o l
S
-

L1 4

=]
E oot mmm NN _mm
w 2003 July 2004 May AR une A July 2008 unadadby
E P 300 ART 14 L 158 CEShE O 3ile
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Compating POC export to in st primary production (Figure 4.27) showed a
somewhat different palterny to temporally and spatially averaged production, with
slightly higher ThE values during cruises P30U (June 2003) and AM1T 14 (May 2004)
(0.17, 0.18). A significant diflerence between cruise averaged 7hE ratios was still
observed (Kruskal-Wallis ANOVA H; 4 = 8491, p<0.05) with THE on CD 158 in
Junc 2004 (0.35 = 0.13) being significantly higher than on D295/6 1n July 2005 {0.07

+0.04), As only one of the two “*Th based export stations on P300 coincided with an
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in sitw primary production station, this crwse had only one @ site TRE ratio and
theretfore both P300 and AMT 14 had to be excluded form the statistical analysis,
From the i sitw production data it thus appears that between 7 and 18% of pamary
production 1s exported during the imerpreted pre- and post-bloom perieds, while 32-
1 7% 1s exported during the peak and early decline phase of the spring bloom. Again.
a5 was the case with satellite denved FAE ratio, efficient POC flux appears
independent of surface water ponmary production {r — 0,15, n — 5, P =0,05). As ThE
ratios caleulated from satellite denved pritnary production integrate over temporal and

Hh flux caleulations, they are considered the

spatial scales more appropriate to
preferred approuch. Export efficiencies (ThE ratios) hereatier will thus refer to those

derived from sutellite.
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Vigore 427, Craise averaged ThE ratios (POC fux/pmmary production) based on
iR it primary production meassements. Ereor bars represent mean | 1873
Standard deviation for PR was not possible as only one the two thovim CTE
stations comeided with a primary production CTT) stafion,

it 18 important however to remember that total primary production 15 not the driving
force controlling downward particle flux, but rather new nitrate-hased production,
supported by upward mitrate flux, Feratios (new production/primary  production)
provide a measure of the proportion ol phytoplunkton growth dependant upon NO;
that over appropriate tune and space scales theoretically and classically equates to

particutate nitrogen export,



Given the absence of substantial interanual variability in satellile denived estimates of
both pnmay and new production, it is not surprising that f-ratios based on these
parameters (Figure 4.28) show very little differentation between cruises, It is not
pussible to statistically determine differences between satellite derived f-ratios as only
one data point 15 available for primary and new production for each cruise. However,
as the satellite derived f-ratio in July 2003 was only shebily lower (0.26) yer similar
fo the tollowing 4 cruises {0.30-0.31) wn 2004-2006, it scems likely that such
differences are consistent with natural variability. These f-ratio results suggest that
hetween 26 and 31% of primary production was exported during the 5 cruises that
sumpled the PAP site. Such similarities in f-ratios show no distinction between pre-,
post- or bloom conditions at the PAP sile, as was rhe case with 7h% ratios. The
absence ol a relationship between satellite denved [-ratios and THE ranos (r = 0.55, n

5. P =0.05) is therefore not entirelv surprising albert contrary to the onginal
hypothesis,
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Figure 4.28. [ratios (new productionprmary production) caleulated Trom satellite deniyved
primary and now peoduction avernged aver 47-51°N; 14518 5'W and 31 days

F-ratios derived from in site measurements of primary and new production (see
Methods tor details) did however show interanval vanability with respect to the
scasonal nming of the spring bloom (Figure 4.29) and significantly correlated with
ThE ratios (r=1,n=35, P <0.001).
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Unlike POC flux and TR ratios however, differences between crinse averaged -
ralios were not statistically significant (Kruskal-Wallis ANOVA Ha ;= 42236,
p>0.03), Notc however that AMT 14 {(May 2003} had (o be excluded from the
analysis due to only one data point. F-ratios were highest for CD158 (0,34 + 0.1 1) in
Jupe 2004 and m the same range as corresponding TAE ratios (031 = 0.07).
Intermediate f-rattos for D306 (0.29 + 0.06) in hmeduly 2006 were shightly higher
than their corresponding ThE ratios (0.19 + 0.02) while frranos lor the pre and post
hloom cruises (023 + 0.09) (P300, AMT 14, D295/6) were substantially higher than
their correspondimy TAE ratios (0.06 + (.02} (Figures 4.26, 4.29). These f-ratio results
suggest that ~23% of primary production was exported from the PAP site during pre-
and post hloom periods compared 1o -3 1% and ~29% during peak and carly decline
bloom perieds. Higher foratios than ThE tatos for AMT 14 {May 2004} and D306
{Junc/July 2006} could he a true reflection of ncreascd rales of new production
relative to primary productiom as there was more available NOs in surface waters
(Figure 4.25) than on post bloom crwises (P300, D295/6). However, intrmsic n new
production estimates 15 the linear relationship henween NOy concentration and NO;
uptake (Rees ot al., 1999} such that the higher integrated NO; uptake rates may simply

he a tunction of higher ambient NOs concentration.
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Furthermore, ““N-derived f-ratios need to be considered with some caution in this

region at least, Apart from CD158 (June 2004 ), the remaining cruises 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 NO; uptake was more prevalent when POC
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 POC flux (r=1,n=35,
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 POC 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 N, 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.

POC flux and efficient POC export (ThE) instead appeared to be largely determined
by the POC/?**Th 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
(POC/***Th 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) (f ratio = 0.29 + 0.06) it was
only on CD158 where Si and light were not limiting that larger cells (high POC/**Th
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 **Th 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 NO; 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 2**Th and leads to lower POC/***Th 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 >**Th flux) where Si and light
(DCM) limitations lead to a transition in the phytoplankton community to smaller

cells (lower POC/>**Th 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 >**Th/**U
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
CD158). Based on particle sinking rates of 120 m day” 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 organic 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 al., (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 CDI158 (2003/4), surface POC fluxes (from *Th)
were extrapolated to predicted deep (3000 m) POC fluxes using the Martin exponent
(Martin et al., 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 ™ to reach 3000
m (Figure 4.30). Figure 4.30 shows that extrapolated POC fluxes for P300 (0.27 mmol
m”d") and AMT 14 (0.29 mmol m™> d') (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™
d! respectively). However, CD158’s (June 2004) extrapolated flux (1.28 mmol C m™
d') was much higher than the measured flux (0.10 mmol C m™ d). Possible reasons

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

1) 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' is either too fast or too
slow

iii) the change in POC flux with depth is not adequately predicted by the
Martin equation and / or

iv) in the case of CD158, the trap may have been under-sampling.

v) Inaccuracies in the 2 *Th model and steady state assumptions

Each of these possibilities will be dealt with in turn.
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™M disequilibrium approach) sccording 1o the Marim cquation (Martin el al,,
F4RT)

i} Space scalcs,

Particle tluxes to fixed sediment traps are observed as a function of time at a fixed
point. Such traps notionally collect particles from a prescribed “statistical funncl”, the
size and location of the surface unprint depending on particle sinking rates and on
regional hydrography (Sicgel and Deuser, 1997). Faster sinking particles will
originate from closer to the mooring position than those smking more slowly, Without
information on the spectrum of particle sinking speeds and an adequate hvdrographic
description of the region, only a crude estimate of the statistical funnel dimensions is
possible, Based on a particle sinking rate of 120 m d'l: {Lampitt, 1985) and a residual
current speed of 9 ¢m 57!, the potential surface imprint of a 3000 m trap at the PAP
sile has a surfuce diameter of 400 km {Lampitt et al., 2001). However, this provides
no itformation un the location of the source area relative to the trap {Ducsser et al..

1988, 1990),

Model estimates of flux at 3000 m, based on an upper occan hogeochemical model
that used a 400 km dismeter cirele (125,664 km’) centred on the trap location did

however show good agreement with measured organic carbon flux, both in terms of
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the timing and magnitude of the annual integrated flux (Lampitt et al., 2001). This
spatial scale is however considerably larger than the spatial scale expected to

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

A comparison of surface chlorophyll concentrations averaged for 31 days prior to
cruise P300 (July 2003) over a 200 x 200 km square (**Th 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 km square) than at the PAP site itself (covered by
the 200 x 200 km square). Assuming that increased surface chlorophyll concentrations
result in increased deep POC export (Lampitt, 1985), then the higher chlorophyll
concentrations within the 400 x 400 km 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 km square (***Th 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 (CD158) showed very little variability regardless of whether
200 km square or 400 km square areas were considered (Figure 4.16b,c). Alternate
reasons than differing space scales for these two cruises (AMT 14, CD158).must
therefore account for higher measured POC flux in the 3000 m traps than that derived

from extrapolated surface 24Th measurements

it) 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”' (Lampitt, 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 cruise 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, or 40 days after sampling at a settling speed of 73 m s™.
Given the nature of the PAP surface water ecosystem at this time (i.e. low f-ratios,
lowest POC/**Th, small cells), a settling speed faster than 120 m s (Lampitt, 1985)
appears unlikely and the slower settling speed of 73 m s™ 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™. 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:

0.858

deep flux = surface flux/(deep depth/shallow depth)

Assuming that the particle settling speed of 120 m d”' 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 al., 2007). Similar deviations in remineralisation rates
relative to Martin et al. (1987) were measured by Buesseler et al. (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 al., 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 al., 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 of CD158 (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 al., 1998; Lampitt
et al, 2001). While it has long been recognised that near-surface traps provide
unreliable estimates of flux (Buesseler, 1991; Buesseler et al., 1994; Murray et al.,
1996; Gustafsson et al., 2004). Takahashi et al., (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 al., 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/>*Th 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 al., 1987) and more likely that the lower

measured fluxes at 3000m were due to trapping inefficiency.

v) 2**Th flux model and steady state assumptions
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As time series data covering the characteristic time scale of >**Th (mean half life: 34.8
d) were not available, a steady-state approach was used to calculate **Th 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 of a 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 2**Th decay). Furthermore, the poorly
constrained impact of lateral advection adds an unknown level of uncertainty to the
2*Th 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.

4.5.8 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 al., 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 al., 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™ d'l, a large diatom bloom, and a decrease in surface NO; from ~6 to ~1
mmol m” (Buesseler et al., 1992a) as well as decreased silicate (Lochte et al., 1993).

Z%Th export

It was during this diatom-dominated period in early May, that surface
fluxes (at 35 m) peaked from 1280 to 2610 dpm m™ d, after which they decreased to
~1000 dpm m™ d! by the second half of May (Figure 4.31). The deeper 2*Th flux at
75 m however continually increased from late April (1720 dpm m™ d™") through May
to reach a maximum at the end of May (3600 dpm m™ d'), suggesting that as the

bloom progressed, a two-layered system was established, with more of the export
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ongmating from hetow the mixed layer in the later stages of the bloom {Buesseler et

“FIh activity with time was often the largest

al.. 19924). As the observed change in
term in the budget, a non-steady state model was used to estimate carbon flux for
three time intervals; early bloom in late April (24/4-5/5), mid bloom i early May

{5/5-19/5) and tate bloom toward the end of May (19/5-30/3),
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Figurs 4.31. Net *“Th flux {dpm m™ d"} from 35m and 75m on the 198%
TGOFR North Atlantic Bloom Fxpenment (NARE), Buesseler et al, {19923,

As =50 pm bulk water samples were not available to derive POC™'Th ratios.
Buesseler el al. (1992a) proposed an upper and lower limil on POC export by using
POC/™"'Th ratios from the total patticulate fraction =1 pm and from the 150 m
sediment trap (see Table 4.6). As the measured or assumed POC/™'Th ratios of
settling material plays a crucial role in determining POC export, their method of
detiving POC/*Th ratios is considered further, The POC 7 *I'h ratios and hence POC
export from particulate material =1 pm were much higher than those from their 150 m
trap {Table 4.6), possibly due to living phytoplankton =1 wm that attract only very low
concentrations ol thorium (Coale, 1990; Buesseler et al.. 1992a; Cochran et al.. 1993),
Although absohite fluxes measured by surface (i.e. 150 m) sediment traps are known
to under or over sample hy a factor of 2 to 3 (Buesseler |992a), it is assumed that the
simple they collect is representative of the sinking material (Buesseler et al., 1992).

As the NABELE sediment trap at 150 m was below the base of the enphotic zone (35 m),
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POC flux from this trap should however be considered a lower limit as some
preferential remineralisation of carbon relative to **Th would be expected.
Table 4.6 POCT Th eatios from =1 um fotal particulate material and (rom a

150m oating sediment trap. Data collected during the JGOFS Norh Atlantic
Bloom Expenment (MABE) in May 1989 by Buesseler etal {1992h),

=lpm Trap
[hatus Depth POUSYTH PO " Th
{ddimuny 1989 (11} (pnd] dpn-17 ool dpm-1)

2did - 55 35 14.2 (3.9)
3 0.3 [3.59%

SIS - 193 a3 15,7 {3.4)
73 23 (5.9}

195 - 305 is 225 (7.4)
i 14,3 (743

Values m parentheses arc taken from a 130w flpating try

Given that POC flus estimates from the NABE =1 pm POC/*Th ratios are probably
overestimated, while at the PAP site, the POC flux estimates were based on SAPS
=50 um and PELAGRA POCTh ratios (Figute 4.14), only POC fluxes estimated
from the NABE 150 m sediment trap POC™  Th ratios (Figure 4.32) arc compared to
PAP POC flux estimtates (Figure 4.24),

POC flux (tnmol C m*d’)

24804 - 515 oS- 195 1905 - 307

Date (dd/mm/1989)

Figure 432, Particulate Organic Carbon (POC) lux {mmal C m*d'}al 35 mand
75 m ealculated using the POCS"Th ratios from the 156 m sediment trap on the
1989 JG0OFS North Adlantic Blogm Experiment (NABE) Buesseler et al, {19925,
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The POC Mux {75 m) during the NARLE was Fowest at the beginmng of the hloom
period in late April (6.7 mmot ¢ m™ d'; Figure 4.32); higher vet comparable ta pre
bloom conditions measured at the PAP site on AMT 14 (5.3 mmol C m™” d) as well
as post bloom fluxes measured in Juby 2003 (P300; 5.03 + 1.04 mmaol C m™ d™') and
July 2005 (D295/6; 5.68 + 1.53 mmol € m™ ) (Figure 4.24).POC flux during the
NABE increased in the middle of the bloom in mid May o 19.8 mmol C m* d"
(Figure 4.32), Despite a ~50% decrease in surface (35 m) POC flux from 154 o 7.7
mumiol C m™” d™), the 75 m flux continued to increase to 26.6 mmol C m” &' during
the late hloom at the end of May (Bucsseler ot al.. 1992a) (Figure 4.32). These bloom
fluxes are comparable to those measured at the PAT site on CID158 (23.69 + 575
mmol Cm~ d 'y and D306 (14,70 + 1.7% mmol € m*d ') (Fipure 4.24),
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Figure 433, THE matios al 35 and 75m calculatcd from integrated primary
production (mumel C o™ d7) and POC esport estioated from the 150m sediment
trap POCA'TH matios on the 1989 JGOFS North Atlantic Rloom Fxperiment
IMNAREY. Bucssclor o al. { 1992,

ThE ratios for the NABE (75 m) (Figure 4.33) and the PAP site (Figure 4.26) were
also similar with low fA# ratios (0.07) of the early hloom period on NABE
corresponding to similarly low TAEE ratios in pre (0.07; AMT 14) and post (0.04 +
0.01. P300 and 0.07 + 0.02: D295/6) bloom conditrons at the PAP site (Figure 4.26).
Whereas high fhE ratios in the mid and late hloom on NARBE (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;, CD 158 and 0.19 + 0.02; D306) (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 al., 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
al., 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 (CD158) (Figure 4.26) being associated
with high POC/~*Th 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 (D306) coincided with a decrease in the POC flux and the transition
from diatoms to smaller cells (lower POC/***Th) following Si depletion (Figure 4.4).

Low POC/>**Th 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 7AE 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 **Th. POC fluxes were low in July 2003 (P300;
5.03 mmol C m? d'), May 2004 (AMT 14; 5.30 mmol C m? d") and July 2005
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(D295/6; 5.68 mmol C m™ d'') but high in June 2004 (CD158; 23.69 mmol C m™ d™")
and intermediate in June/July 2006 (D306; 14.70 mmol C m™ d™).

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
2*Th 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 al., 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 N 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 determined
by the POC/>**Th ratios of the settling material, with high POC/>**Th ratios (25 pmol
dpm™) associated with the spring bloom in June 2004 (CD158) compared to pre and
post bloom conditions (mean = 4 pmol dpm™) 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 determine the composition of the settling material. The
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phytoplankton community (succession between diatoms and pico-nanophytoplankton)
is in turn 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™ d') was higher yet comparable to pre and post bloom
fluxes at the PAP site (~5.34 mmol C m™” d'"), while POC flux in mid (19.8 mmol C
m? d'") and late (26.6 mmol C m™ d™*) bloom on the NABE were analogous to those
measured during the spring bloom (~23.69 and 14.70 mmol C m” d') 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 7hE 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 (~100 m) extrapolated to 3000 m
according to the Martin exponent (Martin et al., 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 day’ (Lampitt, 1985) to reach a 3000 m trap. Lower
extrapolated POC fluxes for July 2003 (0.27 mg m>d") and May 2004 (0.29 mmol m’
24" (P300 and AMT 14 respectively) than measured fluxes at 3000 m (0.55 and 0.74
mmol m” d” respectively) suggest that particles were either settling slower than the
assumed 120 m d' and or remineralised less than predicted by the Martin equation. In
June 2004 (CD158) the extrapolated flux (1.28 mmol m™ d') was much higher than
the measured flux (0.10 mmol m? d') 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, POC/*Th 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 al., 1998,
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Takahashi et al., 2000; Lampitt et al., 2001). Alternatively, an incorrect assumption of
steady state in the 2*Th 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 al.,
1996, Teira at al., 2005). 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 CO, 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,

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

i)  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 2**Th/***U disequilibrium
technique to estimate fluxes of particulate organic carbon on three Atlantic Meridional
Transect (AMT) cruises between ~ 50°S and ~ 50°N (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 5 cruises to the PAP site (49° N 16.5° 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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iii)

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 NOs 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 7A#E 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.
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 NO; concentrations, NO; 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.

Although the relationships observed between organic 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.

Inter-annual variability in the magnitude and efficiency of POC 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 POC flux. POC 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 POC/>**Th ratio of the settling material
did provide a good proxy for POC 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 POC/***Th ratios characteristic of
larger cells such as diatoms that have faster settling rates allowing less
time for remineralisation/dissolution, whereas lower POC/>**Th 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 POC 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 >**

Th 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 al., 1997), ii) The subtropical
and equatorial study by Charette and Moran, (1999), iii) the Bermuda Atlantic Time
Series study (BATS) (Michaels et al., 1994) and iv) the JGOFS North Atlantic Bloom
Experiment (NABE) (Buesseler et al., 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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