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Regeneration of nutrients in the northern Benguela 
upwelling and the Angola-Benguela Front areas 

Thorsten Dittmar*t and Matthias Blrklcht* 

Nutrient and dissolved organic carbon (DOC) distributions were 
determined in July 1999 in the northern Benguela upwelling and 
Angola-Benguela Front areas. Highest silicate and phosphate 
surface concentrations of up to 30 µM and 3.7 µM, respectively, 
were determined in recently upwelled waters between 19°5 and 
21•s off Namibia. Nitrate, on the other hand, exhibited there a local 
minimum, which indicates an advanced bloom of non-siliceous 
phytoplankton. Nitrate and DOC concentrations Increased with 
distance from the upwelling centre (up to 15 µM and 720 pM, 
respectively), probably due to mineralization of phytoplankton­
derived organic compounds, whereas slllcate strongly decreased. 
Growth of siliceous phytoplankton, which covered their nitrogen 
requirements by nutrient recycling within the photlc layer, probably 
caused this pattern In aged waters surrounding the upwelling. In 
contrast to primary production In the upwelling centre, this 
phytoplankton growth was therefore not 'new production'. Primary 
production was presumably limited by nitrate in recently upwelled 
waters and by silicate In aged waters. Phosphate was probably not 
limiting, Indicated by low N/P ratios In surface waters (<10) and low 
surface depletion. Regeneration of silicate and phosphate was 
evident .In source waters of upwelling In -100 m depth. Sllfcate 
Increased exponentially from off· to inshore by a factor of -1 D, 
phosphate increased by -30%. Regenerated silicate was -25 µM, 
phosphate -0.5 µM. Nitrate was not regenerated and oscillated 
apparently randomly between 11 µM and 24 pM at 100 m depth. 
Ammonium and nitrite Increased exponentlallyfrom off- lo onshore, 
indicating mineralization of nitrogenous compounds, but contrib· 
uted only 3% to dissolved Inorganic nitrogen on average. In the 
front area no evidence for nutrient trapping was found. The lack of 
nitrogen regeneration and strongly decreasing N/P and N/SI ratios 
shoreward are evidence for considerable nitrogen losses off 
Namibia. Denitrification, which is favoured by the oxygen deficit In 
source waters, is the probable reason for these losses. Since 
denitriflcation was disregarded in the past, the productivity of the 
northern Benguela and its role as a carbon sink have presumably 
been overestimated. 

Introduction 
The oceans contain about 90% of the carbon actively circulat­

ing in the biosphere.' Photosynthetic activity of marine 
phytoplankton removes carbon from the physical equilibrium 
between citmosphere and ocean. Dissolved organic matter in the 
oceans constitutes a total mass of carbon comparable with that of 
atmospheric C02•

2 Marine primary production therefore plays a 
key role in the global carbon cycle and is one of the control mech­
anisms for CO. concentration in the atmosphere. Knowledge of 
carbon fixatio~ rates, and of the export of organic material from 
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the photic layer and its preservation in the ocean, is ther~fore an 
essential prerequisite in the prediction of C02 dynamics and 
climate in the future. 

Upwelling systems are characterized by the flux of nutrient­
rich waters into the photic layer and belong to the most produc­
tive marine ecosystems. The extent of organic carbon export 
from these systems depends primarily on the proportion of 
'imported new production' to total primary production .~ 
Upwelling systems function mostly as an effective nutrient trap.~ 
After upwelling, nutrients are assimilated by phytoplankton. 
During offshore transport, sinking organic particles of deca_ying 
phytoplankton are remineralized and the released nutnents 
transported back towards the upwelling centre. A considerable 
fraction of primary production is therefore based on nutrient 
recycling on the scale of the whole upwelling system ('secondary 
recycling') or within the photic layer itself ('primary recycling'). 
This fraction does not account to the productivity of the whole 
system. In this context, nutrient accumulation by 'secondary 
recycling' has been widely described in the major upwelling 
areas.S-S 

The Benguela belongs to the world's most productive 
upwelling systems.9 In the past, research was focused on the 
southern Benguela off South Africa and southern Namibia. Ill For 
the northern Benguela and the Angola-Benguela Front areas, 
published information on nutrient dynamics is rare. No data are 
available on either the regeneration of mineralized phosphate 
and silicate, or on the dynamics of organic compounds. Average 
nitrate concentrations have been estimated for the Benguela as a 
whole." In this study, we present data on the distribution of 
silicate, phosphate and inorganic nitrogen compounds in the 
northern Benguela and the Angola-Benguela Front areas. Based 
on these data and the distribution of dissolved organic carbon 
(DOC), the driving forces behind nutrient patterns and regener­
ation rates are discussed. 

During the period of sampling in austral winter 1999, 
upwelling occurred along most of the Namibian coast. The 
strongest upwelling of oxygen-deficient (-50 µM OJ and cold 
(-14°C) thermodine waters from a depth of -100 m was 
observed around 20°5 near the coastline.12 In the north, warm 
(>21°C) Angolan waters were advected in the photic layer 
southwards to -16.7"5 near the coast (-ll.5°E).n To the west, at 
-11.0°E, cold Benguela waters were advected northwards to 
-15.7°5. A detailed description of Benguela Current dynamics 
can be found in the literature.'" Oceanographic details during 
the period of sampling are given elsewhere in this issue. 

Materials and methods 
Sampling was performed along four cross-shelf transects in 

the northern Benguela upwelling area (20 stations) and three 
transects parallel to the coast in the Angola-Benguela Front 
system (17 stations) during the second leg of the FRS Africnna 
cruise in July 1999:" For the exact positioning of sampling 
stations, the front was monitored using SST satellite images 
during the cruise (Fig. 1). 
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Fig. 1. Surtace concentrations (µM) of dissolved inorganic nutrients and organic carbon in the northern Benguela upwelling and Angola-Benguela Front areas. 

Samples were taken at CTD standard depths with a rosette 
sampler. Immediately after sampling, the water samples were 
passed through pre-combusted (4 h, 450°C) Whatman GF/C 
filters. Water aliquots for the analysis of inorganic nutrients were 
poisoned with HgCl2 to a sample concentration of 100 mg l- 1 and 
kept frozen in polyethylene bottles." Samples for the determina­
tion of dissolved organic carbon were adjusted after filtration to 
pH 2 with 1 N HCl and kept frozen in pre-combusted sealed 
ampoules. Dissolved inorganic nutrients were measured by 
standard autoanalyser methods using a Skalar-SAN-plus 
system.15 Dissolved inorganic nitrogen (DIN) was calculated as 
the sum of nitrate, nitrite and ammonium. DOC was determined 

by high-temperature catalytic oxidation with a Rosemount­
Dohrman DC-190 instrument, equipped with a Fuji NDIR 
detector. 16

'
17 The relative standard deviations for each method 

and each run were less than 3.5% (P = 0.05; German standard 
method).1s If a run exceeded this value or if the coefficient of vari­
ation between duplicates exceeded 53, the determination was 
repeated. Detection limits (in µM) were: for nitrate 0.14, nitrite 
0.01, ammonium 0.10, silicate 1.7, phosphate 0.14, and DOC 25. 

Results 
Nutrient concentrations of surface waters down and at 50 and 

100 m depth are shown in Figs 1-3. Lowest concentrations were 



South African Journal of Science 97, May/June 2001 
BENEFIT-Marine Science 

Nitrite 

Phosphate DOC 

17"$ 

1a·s 

25 

19°S 
20 

15 

20"S 

21·s 
~- 0 

10°e -11~E 
r ~ -

10"~ 1'2°E 13°E 11°E. 13°E 12"E 

Fig. 1. $urface concentralfon~ (µM) of dissolved fnorganlo nutrients and organic carbon in lhe northern Benguela upwelllnQ and Angola-8.engueta ·Front areas. 
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Fig. 2. Concentrations (µM) at 50 m depth of dissolved Inorganic nutrients and organic carbon In the northern Benguela upwelling and Angola·Benguala Front areas. 

usually measured north of 18°5. In the upwelling around 20°5, 
silicate and phosphate had highest surface concentrations, 
reaching values of 30 µ.M and 3.7 µ.M, respectively. Nitrate did 
not exhlbit any response to the upwelling, ranging between 
3.7 µMand 15µM in Benguela surface waters. Off Angola, nitrate 
exhibited lower concentrations with minimum values close to 
the detection limit. Nitrite and ammonium did not contribute 
much to DIN, unlike nitrate, constituting 97% on average and at 
least 90%. Ammonium concentration was consistently near the 
detection limit. 

Surface waters were highly depleted in nitrate and silicate. We 
used the ratio between surface and 100-m concentrations as a 

quantitative measme of surface depletion. In the Benguela area, 
the concentrations of both nutrients increased from the surface 
to a depth of 100 m by a factor of 3 on average. North of 18°5, they 
increased by a factor of -6. Nitrate reached similar concentra­
tions at 100 min both areas, whereas silicate exhibited generally 
higher concentrations in Benguela waters than in waters off 
Angola. Despite the similar degree of surface depletion of silicate 
and nitrate on average, in the Benguela region the spatial 
patterns of their depletion were different. The ratio between the 
100-m and surface nitrate concentrations gradually increased 
from -2 near the coast to -4 offshore, leading to a weak linear 
relationship between this ratio and distance from the coast 



BENEFIT Marine Science South African Journal of Science 97, May/June 2001 241 

Nitrate Nitrite Ammonium 

17"S · 

1B"S1 

1S"S 20 

Silicate 

16"8 

17"S · 

1S 

2o·s 300 
10 

100 

....... - ~ 

11"E 12°E 1.3°E 10"E 11°E 12·e 13"E 10°E 11°E 12"E 

Fig. 2. Concantra.tlons (µM) at 50 m depth ol dissolved inorganic nurrtenrs and organic carbon in the northern Benguela upwelling and. Angola·B~nguela Frorrt areas. 
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Fig, 3. concentrations (µM) at 1 oo m depth of dissolved inorganic nutrients and organic carbon in the nor1hern Benguela upwelling and Angola-Benguela Front areas. 

(r = 0.57, n = 16, P < 0.05). The surface depletion of silicate, on 
the other hand, did not exhibit any spatial pattern in the 
Benguela area. In contrast to nitrate, nitrite increased in 
Benguela surface waters, exhibiting at the surface about twice 
the 100-m concentration. Near the coast, the ratio between the 
surface and 100-m concentrations was -1. With increasing 
distance from the coast it decreased to values close to O. This ratio 
was linearly related to distance from the coast (r = -0.64, n = 16, 
P < 0.01). Off Angola, no trend with depth was observed for 
nitrite. Phosphate decreased at the surface less than DIN and 
silicate. The ratio of the surface and 100-m phosphate concentra­
tions was ~1.5 in Benguela and -2 in Angolan waters. The 

degree of surface depletion exhibited no trend with distance 
from the coast in the case of phosphate. 

Although DOC exhibited a similar general pattern to inorganic 
nutrients in surface waters, with lower concentrations off 
Angola ( <50-300 µ.M) and higher concentrations in the 
Benguela region (200-770 µM), the lowest concentrations in 
Benguela surface waters were measured in the upwelling 
around 20°S, in contrast to silicate and phosphate. The highest 
surface concentrations were found around the recent 
upwelling, mainly in the north and west. Some patches of 
elevated DOC surface concentrations with no distinctive 
pattern, were also observed at 70-80 km off Namibia and 
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Fig. 3. Concentrations (µM) at 100 m depth of dissolved inorgan\c nutrients a!)d organic carbon rn !!le northern B~mguela upwelling~nd Angola-Benguela Frontareaii. 

(r = 0.57, n = 16, P < 0.05). The surface dep~etion of silicate, on 
the other hand, did not exhi.bit any spatial pattern il1 the 
Benguela area. In contrast to nih·ate, nitrite increasecl in 
·Bel1guela sw:face waters, e:x,hibiting ~t tl1e sur.face about twke 
the 100-m concentration. Near the coast, the ratio between the 
.surface and 100-m concentrations was -1. With increasing 
distancefrbm thecoc:i~titdecreased to values dpse to 0. This ratio · 
was ljnearly related to djsta,nce fto~ the. coast (r = - 0.64, n = 161 
P < O.Ol). Off Aifgola, :no. trend with depth was obse.(\(ed foJ 
nitrite. Bhosphaf~ decreased at the sur.face Jess than DJN and 
silicate. 111e ra tj,o of the stu:face and 10o~xn phosphate concen tra" 
lions was -1.,5 in Benguela and -2 in Angolan waters. Th!;! 
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·degree. of surface depletion exhibited no trend, with distance 
from the coast in the case 9f phosphate.· 

Al though DOC exhibited a similar geqeral pattel'l,l to inorganic 
nutriepts in s1.11iface waters, with lower concentrations off 
Angola ( <50- 300 µ.M) an d higher concent.I'ations in the 
Benguela region (200-1.V'O µM), the lowest concentrations in 
Bengtiela surface waters were measured in the upwe:.lling 
around 20°S, fu contrast to silica\e and phosp11ate. The l)i~i'l,est 
s urface concentrations were found ar0u11d the recent 
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Fig. 4. Concentrations (µM) of dissolved inorganic nutrients and organic carbon In the nor1hem Benguela upwelling area along a cross-shelf transect (-19.5°8). 

Angola. DOC decreased slightly from the surface to a depth of 
100 m by a factor of -0.8 on average. 

Nutrient concentrations in the water column were well­
stratified (Figs 4, 5). Below the euphotic zone (30-50 m), nutrient 
concentrations generally increased sharply in the next 10 m, 
Concentrations continued to increase almost constantly to 
-400 m or to the bottom. At the deeper stations, nitrate and 
phosphate reached maxima at -400 m, whereas silicate 
increased down to the bottom. DOC in the Benguela area 
decreased approximately logarithmically down to 100 m and 
maintained an almost constant 15G--35Q µM at greater depth. 
North of 18°5, DOC continued decreasing with depth and 
reached values of about 50 µMat 400 m. At a distance of 70-SO km 
off Angola (around 11°E), where elevated surface concentrations 
were measured, concentrations decreased slightly with depth to 
minimum values of 180-210 µM (Fig. 5). 
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To evaluate possible regeneration processes in the northern 
Benguela upwelling system, we analysed nutrient and DOC 
concentrations at a depth of 100 m, for the source of upwelling 
being at this depth. Silicate concentration increased strongly 
from -3.5 µM offshore (110 km) to -29 µM near the coast; this 
trend followed a highly significant exponential function (r = 
-D.97, n :::: 20, P < 0.001) (Fig. 6). Phosphate increased only 
slightly from -1.5 µ.M to -2µ.M, showing a weak linear relation· 
ship with distance from the coast (r = -D.49, n = 19, P < 0.05). 
Nitrate, on the other hand, did not exlu"bit any trend, ranging 
apparently randomly between 11 µM and 24 µM at a depth of 
100 m, whereas nitrite and ammonium increased exponentially 
(nitrite: r == --0.72, n = 20, P < 0.001; ammonium: r = --0.49, n = 20, 
P <0.05) from <0.1 µ.M offshore to concentrations of up to 
0.5µM (nitrite) and 0.16µM (ammonium) onshore. The different 

Fig. 5. Concentration pretties of dissolved inorganic nutrients and organic carbon In 
the Angola-Benguela Front area at 16.67°8, 11.01°E. 
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concentration in the euphotic zone sur­
rounding the upwelling. The nitrogen 
requirements of phytoplankton growth 
in these low-nitrogen aged upwelling 
waters were probably supplied by min­
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eralization of organic nitrogen com-
pounds, released during the bloom of 
non-siliceous phytoplankton in recently 
upwelled waters ('primary recycling'). 
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125 surrounding the upwelling is therefore 
most probably not 'new production', in 
the sense of primary production based 
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on nutrient sources outside the euphntic 
zone. The nitrate concentration was 
higher in aged surface waters surround­
ing the upwelling than in recently 
upwelled waters, which was further 
evidence for nitrate being a product o( 

organic matter mineralization in aged 
waters. Thus, low ammonium concen­
trations are not necessarily indicative for 
low 'regenerated production', as was 
assumed for the calculation of new pro­

Fig , 6. Concenlratlons of dissolved inorganic nutrients and organic carbon at 100 m depth plotted versus distance 
from the coast in the northern Benguela upwelling area. For the stations closest to the coast , bottom concentra­
tions (at -30 m) are depicted. 

duction in Benguela waters"·1'
1
• The ele­

vated nitrate concentrations in the zone 
of strong silicate uptake indicated that 

behaviour of silicate, phosphate and nitrate caused pronounced 
changes of their molar ratios (Fig. 7). The N/Si ratio decreased 
linearly from off- to inshore (r = 0.90, n = 20, P < 0.0001) from 
values exceeding 4.5 to <0-2. The NIP ratio also decreased 
linearly (r = 0.62, n = 20, P < 0.01) from -15 to -6. DOC tended, 
in contrast to its surface concentrations, to higher values inshore. 
Around 20°5 at the recent upwelling, this increase was most 
pronounced (from 170 µM offshore to 720 µ.M inshore). For the 
entire Benguela region on average, however, this trend was not 
statistically significant. 

Discussion 
The strong nitrate depletion in the area of recent upwelling 

around 20°5 indicated an advanced phytoplankton bloom and 
the almost complete uptake of inorganic nitrogen. The compara­
tively slight surface depletion of phosphate suggested nitrogen 
rather than phosphate limitation of phytoplankton growth. 
Silicate was not taken up during that phytoplankton bloom. Its 
concentration was not depleted in the euphotic zone in the 
upwelling area. An abundant siliceous phytoplankton commu­
nity, however, was evident from the highly reduced silicate 
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nitrogen regeneration there exceeded the demands of siliceous 
phytoplankton, and that silicate rather than nitrogen limited 
primary production, in contrast to recently upwelled water~. 
Phosphate, on the other hand, was less depleted in the euphotic 
zone than silicate and nitrate, suggesting that phosphate con­
centration was not the factor limiting phytoplankton growth. 
The NIP ratio in the photic layer, which was always <10 and 
thus nitrogen depleted relative to the biogeochemical composi­
tion of phytoplankton/1'-11 also indicated that phosphorus did 
not limit primary production, neither in recently nor in aged 
upwelled waters. 

DOC, like nitrate, exhibited elevated surface concentrations in 
aged Benguela waters and was probably constituted of decay 
products of phytoplankton-derived organic matter. This 
coherent pattern of DOC and nitrate confirmed the suggestion 
that nitrate was a product of regeneration processes in the 
euphotic zone. The constant concentration of DOC with increas­
ing depth at the outermost stations in the Benguela region and 
around 11°E off Angola suggests that some of the phyto­
plankton-derived DOC of at least 150 µMis not susceptible to 
fast mineralization_ The production of non-labile organic 

25 
y =0.082x + 6.5 
P< O.D1 

20 • 
• • 

15 

~ 
10 

5 • 

• 
0 

0 so 100 
Distance from coast (km) Olstance trom coast (km) 

Fig. 7 . Molar ratios of dissolved Inorganic nutrlen1s at 100 m depth plotted versus <:lislance from the coast Jn the northern Benguela upweJIJng area For the slatio clo t 
to the coast, bottom values (a1 -30 m) are depicted. · ns ses 
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compounds is a prerequisite for organic carbon export from the 
system. The elevated DOC concentrations off Angola coincided 
with near-surface currents of cold Benguela waters northwards 
to 15.7'5. Near the coast and offshore, warm Angolan waters, 
which were poor in DOC, flowed southwards. The elevated 
DOC concentrations at a depth of more than 1000maround11°E 
cannot be explained by advection of DOC-rich Benguela waters. 
It is more likely that microbial decay of sinking organic particles, 
originated from Benguela primary production, led to DOC 
release within the low-nutrient23 and low-DOC24 North Atlantic 
Deep Water at this depth. A considerable fraction of DOC 
released during bacterial production below the euphotic zone 
seems to be highly labile, since its concentration decreased 
strongly towards the surface during upwelling. 

In the northern Benguela upwelling system, regeneration of 
nutrients was evident in source waters at 100 m depth. The 
oxygen depletion in the zone ofupwelling and at depths > 100 m 
also is evidence for oxidative degradation processes. Microbial 
mineralization of sinking organic particles of decaying plankton 
from the euphotic zone, probably led to the increase of nutrient 
concentrations during the onshore flow of source waters 
('secondary recycling'). Diffusion of mineralization products 
from bottom sediments also contributes to nutrient regenera­
tion, as it was shown for upwelling in the northern25 and south­
ern:?/> Benguela. The role of the latter mechanism for nutrient 
regeneration is supported by the strong silicate maxima 
measured close to the bottom (Fig. 4). In contrast to the up· 
welling system, no evidence was found for nutrient trapping in 
the front area off Angola. 

In the Benguela Current, siliceous compounds exhibited the 
greatest mineralization. Silicate concentration at a depth of 
100 m increased exponentially from offshore to inshore by a 
factor of -10. Regenerated silicate was -25 µM in upwelled 
water. Phosphate regeneration was only -30% (-0.5 µ.M), and 
no evidence was found for the regeneration of inorganic 
nitrogen. Owing to these different rates, N/Si and NIP ratios 
decreased from offshore values, which were close to the world­
wide average,27

·lll to considerably lower values inshore. Terres­
trial input can be ruled out as the reason for the different 
regeneration rates, since there is no terrestrial runoff from the 
desert coastal region in Namibia. The predominant landward 
direction of the wind also precludes much aeolian input of 
minerals. Selective concentration of biogenic silica from decay­
ing diatoms, different mineralization rates and incomplete min­
eralization of nitrogen and phosphorus are probable reasons for 
the different regeneration rates, as was found in other upwelling 
systems.~,u In view of the strong mineralization observed for 
silicon, however, it is very unlikely that nitrogen mineralization 
did not occur. The exponential increase of nitrite and ammo­
nium concentrations at a depth of 100 m in the direction of the 
coast indicates mineralization of nitrogenous compounds. The 
estimated regeneration of nitrogen of 7 µ.M for the whole 
Benguela system11 is probably compensated in the northern part 
by the antagonistic effect of a sink. Preferential retention and 
immobilization of nitrogenous compounds by bacteria during 
mineralization of phytoplankton-derived organic matter 
probably play a subordinate role. C/N ratios of bacteria and 
phytoplankton are very close?' and the release of carbonate spe­
cies during oxidative degradation implicates nitrogen release. 

Nitrogen losses through denitrification lead to NIP ratios as 
low as those determined in this study at several locations in the 
world oceans, in particular in upwelling systems.:ui The oxygen 
deficit in the northern Benguela favours the use of nitrate as an 

electron-acceptor and its conversion into N2,
30 which would lead 

to an effective loss of nitrogen from the system and compensate 
nitrate release by mineralization. Denitrification has been identi­
fied as a major nitrogen sink in the upwelling systems of the 
equatorial Pacific11

"
12 and in the lfuatuba upwelling area off 

southern Brazil:n Conversion of nitrate into gaseous products 
was disregarded in the past in the calculation of 'new produc­
tion' in the Benguela system.9·'.14 Productivity in the Benguela and 
its role as a carbon sink was overestimated in these calculations, 
since denitrification probably plays a considerable role in the 
nitrogen budget of the northern Benguela as indicated by the 
findings of the present study. Furthermore, the removal of 
nitrogen from the water column not only reduces potential new 
production in the northern Benguela, but also makes the 
upwelling system an effective nitrogen sink for the South 
Atlantic Ocean. Nitrogen is a limiting factor for primary produc­
tion. Upwelling in the Benguela therefore acts as a regulatory 
mechanism affecting the South Atlantic Ocean's capacity to 
convert inorganic carbon into organic compounds and therefore 
affect the C02 budget on a global scale. 
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Variability of chlorophyll 
profiles on the west coast 
of southern Africa in 
June/July 1999 

B.A. Mitchell-Innes··, N.F. Silulwaneb and 
M.I. Lucas«~ 

The BENEFIT research training cruises on FRS Afrlcana In 
June/July 1999 between Cape Columblne and Walvis Bay, and 
Walvis Bay and Cape Frio, provided an opportunity to examine verti­
cal and horizontal variability of phytoplankton biomass in relation 
to the physical environment within four subprovinces of the 
Benguela upwelling system. Upwelling was evident inshore during 
the cruise and the upper mixed layer was generally deep. The shape 
of chlorophyll profiles generally changed from surface or near­
su rface peaks inshore to progressively weaker and deeper 
subsurface peaks offshore. Chlorophyll profiles were analysed in 
terms of a shifted-Gaussian curve, yielding four parameters de­
scribing the depth and height of the chlorophyll peak, the spread of 
the peak and the background chlorophyll concentration. Using a 
small set of data, this preliminary analysis provided chlorophyll 
profile shapes typical for shelf and slope waters of four Benguela 
subprovinces in winter, with the caveat that varlablllty Is high under 
upwelling conditions. 

Studies of phytoplankton biomass and producnvity are central 
to understanding the global biological carbon cycle. Phyto­
plankton, although forming only 1-23 of the total global bio­
mass of primary producers, contributes 30--60% of the global 

:Marine and Coastal Manage!11ent, Private Bag X2, Rogge 5ay, 6012 South Africa . 
Manna Remote Sansing Urnt, Oceanography Department, University ol Cape Town 

Rondebosch , 7701 South Alrrca. ' 
:zoology Department. University of Cape Town, Rondabosch, 7701 Soulh Africa. 
George Deacon Division, Southampton Centre. Empress Dock. Southampton S014 

3ZH. U.K. 
'Author for correspondence. E-mail: bminnes@mcm.wcape.gov.za 

27. Takeda S. (1998). lnfluencc of iron a\',1ilability on nutrient consumption r.1tinof 
diatoms in oceanic waters. l\'niim· 393, 77+.-m. 

28. Tyrrel!T. and LawC.S. (1997) . Lo1v nitratt•: pho>'ph~tt' ratios in the global<lCe.rn. 
N11J11r~ 387, 793-796. 

29. Fukuda R., Ogawa H ., Nagata T. and Koike I. (l9':1/l). Direct dett'rminalion pf 
carbon and nitrogen contents nf n<11urnl b.11:terfol assemblages in marine envi­
ronments. Al'pl. F.m•ir1111. Mirrc1!1in/. 64, JJ52-3J5K 

30. Hattori A. (1983) . Denitrificiltion ,inJ dissimilitnry nitr.1tt'rt•duclion . In Nilr"X•'" 
i11 llu· Marin~ E11<>irm1111ml. ~ds E.J. Carpenter and !J.C. Capone. Acodemic l're>'>. 
New York. 

31. Codispoti LA. and Chrisltmst•n l-1~ (1985). Nitrificiltinn , denitrification, and 
nitrous oxide cycling in th~ ea,;tern tropic•! Snuth l'acifi<· Oct'an . . \lnr. C'/11•111 . lb. 

1%3-1972. 
32. Toggweiler J .R. and Carson S. ( l <1H5). Wh,1t .u~ u pwdling sy,;tt'mS contributing 

to the ocean'> carbon and nutrient l>udgel~? In llf~"·Jli11g i111/1.- 0.-,·1111.<. .\!1•frm 
PrU<'i.'>;1-,;mu/ / l11ci<'llf R1nml,;, eJs C'.P Sumnwrh.1yes, KC Emeis, M.\'. .:.,ni;,•I, 
R.L. Smith and fl. Zeitzsclwl, pp. ~.'17-3h(l . Wiley, Chich,•st..r. 

33. Braga E.S. and Mlillt'r T.J. ( l991l) . Oh;,•rv.1lil111 of rcg<'ner~tinn nf nitr.1tt>. phos­
phatedmi silic,1tc during upwdling<11f L'l>,11u\>,1, Br.l.lil 21 'S. ( ",•Jtl/. Slid.I R1·.<. Ill. 
9JS-922. 

3-t Waldron H.N., l'mbyn T.A ., Lutjdi.1rnb J.R.E . • rnd Shillington F.t\. ( 14'12! 
Carbon export .1s;nci.1tt•d with the lkngucl,1 up•wlling s_1·st«m. S .. ·1/r. /. 11Mr. So~ 
12, 31\9-374. 

35. Hocutt C.H. ,1nd v,•rlwy" 11.M. ('.!tltll ). BF.NF.FIT 1Mrin<' sricn.:" in lhe 
flcnguda Current r.•ginn during l'l'N: lnlrodul'linn. S. :\.tr. /. Sn". 97, 195-1</K 

fixation of carbon annu<1lly.1 One of the objectives of the BENE­
FIT research trnining cruises: on FRS llfrim1111 in June/July 1999 
was to examine spatial variation in phytoplankton biomass and 
productivity in the 13engut>la upw1:1Jling system betwt'en CJpe 
Columbine and Cape Frio, <1 region little researched in winter. 
We examined phytoplankton distribution, both horizontal and 
vertical, in relation to the physical environment. One of our aims 
was to establish the shape of chlorophyll profiles typical for the 
Benguela. Profile shnpe is one of several parameters needed for 
the computation of water column productivity from remotely· 
sensed ocean colour towards regional and global estimates of 
productivity.:-.,. 

Water column variability of phytoplankton is controlled by 
physical forcing, which ranges widely from microturbulence to 
l~rge-sca!e oceanic circulation patterns. ~-" These forcing func­
tions control seasonal and other episodic cycles of stability and 
instability, thereby affecting exposure of phytoplankton to the 
underwater light field and supply of inorganic nutrients.J.9 

Based on regional differences in ocean physics, the oceans have 
been divided into four primary ecological domains and further 
subdivided into some 56 secondary ecological provinces.;" The 
w~st co_ast of southern Africa, characterized by episodic 
wmd-dnven coastal upwelling, 111

·
11 forms the Benguela Current 

coastal province.~·4 This includes the region between 14°S and 
3_7"5," encompassing seven upwelling cells as well as offshore 
filaments and eddy fields.1

"·
11 The Benguela has well-defined 

boundaries: the Angola-Benguela Frontal Zone (typically 
14--17'5) in the north and the Agulhas Retroflection (typically 
36--37'5) in the south. 11 The western boundary with the South 
Atlantic Tropical Gyre is formed by an often c~nvoluted system 
of longshore thermal fronts which delimit the offshore extent of 
coastal upwe!led water: to.u In winter these fronts may be diffuse 
particularly in the southern Benguela. ' 

. The underlying premise of partitioning the oceans into prov­
inces ~nd _su?provinces is that similar oceanographic processes 
prevail within each region, which result in similar biological 
processes and cycles. Since chlorophyll profiles are closely 
rel~ted to the_struct~re. of the water column, each hydrologically 
defined province wtll 1deally have a typical chlorophyll profile 
~r spectrum of pro_file~ . Within this context, we examined the 
shape of these profiles m four regions covered by the BENEFIT 
cruise on_the west coast of southern Africa in relation to wint 
hydrological conditions. Ultimately, we envisaged subdividine~ 
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