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estimate primary productivity. These "Redfield productivity
estimates" were similar to 14C-uptake productivity but lower than
estimates obtained from changes in particle volume. If the period
of maximum nutrient decrease was used for the calculations, the
"Redfield productivity estimates" lie between the 14C-uptake and
particle volume estimates. Daily‘rates of 14C-uptake water column
productivity ranged between 0.94 and 14.01 g C.m~=.d-* (mean
3.80 g C.m~2.d4-*) and were similar to or highef than productivity
estimates reported for other upwelling areas. Phytoplankton
biomass in the upper 50 metres ranged between 8 and 506 mg ¢hll a.
m~2 (mean 208 mg chll a.m~2); on average, about half the biomass
occurred below the 1% light level indicating that self-shading is
an important factor limiting primary production in the Benguela
upwelling system. The temporal scale of phytoplankton bloom
development was investigated in terms of changes in chlorophyll a
concentrations in the euphotic zone. The build up and decline of
the primary phytoplankton (diatom) bloom in newly upwelled water
occurred within 6-8 days. The initiation of blooming appears to
be controlled by the stability of the water body (vertical and
horizontal), and the decline of the bloom was usually associated
with reduced nutrient levels and is considered to result mainly
from phytoplankton «cells sinking out of the surface layers.
Dispersive processes may also contribute to bloom decline.
Zooplankton grazing made little impact on the phytoplankton
community. The wide coastal band of chlorophyll-rich water seen
in satellite images to well beyond the outer limit of the drogue
tracks, suggests that both regenerated nutrients and new nutrients
({entrained into surface waters after the primary bloom), maintain
primary production in shelf waters at moderate ievels for longer

than the 6-8 days suggested by this study.
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GENERAL INTRODUCTION

Upwelling areas, including the southern Benguela region, are
distinguished by their high primary productivity and fish yields.
However, the pulsing nature of the upwell;ng system off the Cape
Peninsula coupled with the ©paucity of phytoplankton and high
concentrations of nutrients in the water which upwells, result in
highly wvariable concentrations of phytoplankton in the coastal
ecosystem. Consequently the availability of phytoplankton to

other trophic levels (e.g. zooplankton, fish) is not uniform and
may limit the occurrence and productivity of these organisms. It
follows that information both on the féeding ecology of consumers
and on the development of phytoplankton communities 1is necessary

to evaluate trophic interactions in the ecosystems. This thesis

is concerned with the latter aspect.

Part I (Chapters 1 and 2) serves as a review bf the research done
on phytoplankton ecology in the southern Benguela, and helps put
Part II into ©perspective in terms of the broader upwelling
region. In Chapter 2 the rationale and methods for using product-
ivity/chlorophyll relationships to estimate productivity rates
from chlorophyll measurements are presented with a view to
applying such <calculations to extensive sets of chlorophyll
measurements for ostaining areal phytoplaﬂkton productivity
estimates for the Benguela ecosystem. Chapter 1 was prepared for
the "International Symposium on the Most Important Upwelling
Areas off Western Africa (Cape Blanc and Benguela)"” in Barcelona,
while Chapter 2 forms one of a suite of papers in the book "South
African Océan Colour and Upwelling Experiment" (Shannon 1985).

Consequently their presentation format is different from the rest



of the thesis.

Part ¥I (the major part of the thesié) is primarily concerned
with the development and decline of phytoplankton blooms in
pulses of newly upwelled water off the Cape Peninsula and the
time scales associated with such changes in phytoplankton biomass.
Because of the highly dynamic nature of upwelling in this area,
attention is also directed toward the physical destination of the
"patches" of upwelled water and the chemical changes which occur

in it. 14C-uptake estimates of primary productivity are compared

with independant productivity estimates from increases in p;rticle
volume and those infered from in situ nutrient and oxygen changes.
Losses from the phytoplankton community in the upper 20 metres
are calculated by subtracting in situ biomass at the end of each
study from the cumulative productivity (plus initial biomass)
over the study period. An attempt is made to account for these
losses in terms of grazing, sinking and dispersive processes, and

to put the study in perspective in the whole coastal upwelling

zone.
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Phytoplankton distribution and dynamies
in the Southern Benguela Current

P. C. BROWN and L. HUTCHINGS

Sea Fisheries Research Institute.
Private Bag X2. Rogge Bay 8012. Cape Town. South Africa.

Palabras clave: Fitoplancton, distribucién, dindmica, sur de Benguela.
Key words: Phytoplankton, distribution, dynamics, southern Benguela.

SUMMARY: This paper reviews developments in research into the ecology of
phytoplankton in the southern Benguela region. Species identification, cell
counts and chlorophvll a distribution from shipboard measurement give some
indication of the overall spatial and seasonal distribution of phytoplankton.
This is followed by some results of more intensive surveys, which include
estimates of primary production, both at fixed inshore stations and on six
cruises when the ship followed drogues placed in upwelled water. The drogue
studies show that a short but intense burst of diatom growth strips most of
the nitrate from the newly upwelled water within five to eight days, during
which time the water mass stavs close to the shore. '

RESUMEN: DISTRIBUCIGN Y DINAMICA DEL FITOPLANCTON EN LA REGION MERIDIONAL
DE LA CORRIENTE DE BENGUELA. — En este trabajo se hace una revision del de-
sarrollo de la investigacion en ecologia del fitoplancton en la region sur de
Benguela. La identificacion de especies, el contaje de células v la distribucién
de clorofila a a partir de medidas tomadas a bordo, dan una indicacion de la
distribucion espacial v estacional del fitoplancton. A ello siguen algunos resul-
tados de investigaciones mas intensivas que incluven estimaciones de la pro-
duccion primaria, tanto en estaciones fijas en la costa como en seis campanas
siguiendo bovas situadas en agua aflorada. Los estudios realizados con boyas
muestran que una corta pero intensa explosion en el crecimiento de las diato-
meas consume gran parte del nitrato del agua recién aflorada en el término
de 5 a 8 dias, durante los cuales la masa de agua s¢ mantiene proxima a la
costa.

INTRODUCTION

Phytoplankton research in the Benguela Current was instigated by pelagic
fishing activity off the west coast of southern Africa, centred in St. Helena
Bayv off the South African coast, and further north in Walvis Bay off the
Namibian coast. (Fig. 1). The purpose of this paper is to review the state of
phytoplankton research in the southern Benguela region along the west and
south coasts of South Africa from Lamberts Bay (32° S, 18° E) to San Se-
bastian Bay (34° S, 21° E) (Fig. 1). We start with the early exploratory surveys
which provided the basis for more recent developments in local research,
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F1c. 1. — The south and west coast of southern Africa showing the area between Lamberts
Bav and San Sebastian Bay where most phytoplankton research in the southern Benguela
Current region has been done.

and attempt to link results of the various survevs and projects to provide

an overview of phvtoplankton ecology in the oceans off the South-West Cape
of South Africa.

REVIEW OF PHYTOPLANKTON STUDIES

EARLY EXPLORATORY SURVEYS

Systematic phytoplankton research in the southern Benguela began in the
early 1950’s, soon after the arrival of the research vessel “Africana II”. Oc-
casional sampling was also done locally (e.g. COoPENHAGEN and COPENHAGEN,
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1949), and by passing expeditions such as the Danish Galathea Expedition of
1950-52 (STEEMANN NIELSEN and JENSEN, 1957) and the Discovery Expedition
(Hart and Currig, 1960). In the early 1950’s the South African Division of
Fisheries launched an extensive programme to investigate the general biology
of the two major commercially-exploited pelagic fish species, the pilchard,
Sardinops ocellata (Pappe), and the maasbanker, Trachurus trachurus (Linne).
As these fishes are planktivorous (Davies, 1957; KING and McLeop, 1976),
monthly investigations into the abundance and seasonal variation of the plank-
ton in the fishing grounds in St. Helena Bay (Fig. 1) during 1950-51 and 1954
constituted an important part of the programme. DE JAGER*(1954, 1957) An-
vestigated seasonal and spatial distribution of different phytoplankton species
in terms of cell abundance, using both 80 pm mesh tow-nets and discrete bottle
samples down to 50 metres. He found that the densest blooms (up to 3.7 x 10¢
cells.7!) occurred in the upper 20 metres; that the phytoplankton was usually
dominated by diatoms (the most common genus being Chaetoceros), but that
dinoflagellates occasionally appeared in large numbers for short periods.
Phytoplankton was found to be most abundant in spring and summer, coin-
cident with increased light and.southerly winds, and was reduced in winter
and least abundant in autumn.

The next significant series of hydrographic surveys (1961-67) was conducted
along similar lines. These Routine Surveys were far more extensive than
previous ones and covered a grid 330 km wide from Lambert's Bay to San
Sebastian Bay (Fig. 2 a) — the major extent of the pelagic fishery. E. A. CoGLAN-
NEeL identified phyvtoplankton species and counted cells in bottle samples
from 10 metres, and measured the settled volumes of N30V net samples
(50-0 metres) for these survevs. The results, other than a few selected examples
by co-workers, SHANNON (1969), Hoy (1970) and DE DEcKerR (1973), have vet
to be published in full (HorsTMaN, in prep.). DeE DECKER (1973) presents a
synopsis of the results when he compares the phvtoplankton on the Agulhas
Bank (Fig. 1) with that on the west coast. Average cell counts on the Bank
(maximum of 13 x 10* per litre) were about one tenth of those on the west
coast (maximum of 24 x 10* per litre). However, high counts (exceeding 10*
cells per litre) were recorded on a number of occasions on the Bank (53 times
as opposed to 125 times off the west coast), and occurred inshore to the west
of Cape Agulhas, usually in summer. Settled volumes from 50-0 metre net-
hauls were also generally higher on the west coast.

While dinoflagellate species became more common ‘inshore to the east of
Cape Agulhas and offshore all over the Bank, there were no clear floral
boundaries betwen west and south coasts. In fact, most of the 25 diatom
species contributing to blooms on the Bank are temperate or cold-water
forms commonly found in the cold upwelling waters off the west coast (DE
DeckeRr, 1973). DE DECKER points out that there is a strong similarity between
inshore flora on either side of Cape Point, and that diatom communities off

’;

N

x
De Jager did not estimate flagellates (counting magnification
125x%), thus these statements refer strictly only to diatoms and
dinoflagellates.
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the south coast show predominantly Atlantic characteristics at least as far
as Cape Agulhas, beyond which changes take place only gradually.

In a palaeo-environmental study on the continental-shelf between the Cape
Peninsula and Cape Agulhas, Davey (1971) reports highest concentrations of
fossil dinoflagellate cysts in the sediments inshore of the shelf break. This
may be partly the result of periodic blooms of dinoflagellates, but more im-
portant the relatively stable water column facilitates sedimentation in this
area whereas in the more ‘turbulent conditions on the shelf break sedimenta-
tion would be greatly reduced.

During 1963-66 chlorophyll measurements using the spectrophotometric
method of the SCOR/UNESCO Working Group 17 (1966) were made for the
first time at 7 inshore (0 and 10 metres) and 7 offshore (0 metres) stations
(Fig. 2a) on the Routine Grid (Hoy, 1970). Even though variation in total
chlorophyll could not always be related to cell numbers or species, Hoy (1970)
found chlorophyll concentrations were highest (up to 45 mg-m~") and most
variable at the inshore stations on the west coast (Table 1) in late summer
and autumn, whereas on the south coast there was no clear seasonal pattern
but concentrations were generallv lower than on the west coast. In contrast
to DE JAGER's (1957) phyvtoplankton estimates (settled volumes and cell counts)
which demonstrate very low biomass in St. Helena Bay in the autumn of 1954,
Hoy’s (1970) chlorophyll measurements for the same area (Routine Station
23-1.5) exhibit a definite maximum in autumn. This difference may be at-
tributed to natural variation between vears, or perhaps to the decline in
pilchard biomass which occurred in 1963-64 (SueLtox, 1982). These early
sporadic attempts to assess phyvtoplankton distribution and abundance were
later replaced bv more intensive sampling programmes using semi-automated
and improved techniques — mainly chlorophvll determinations. As the rapidity
of changes in upwelling zones became more apparent, more frequent sampling
was initiated.

TABLE !

Mean total chlorophvll concentrations (mg-m~") for onshore and otfshore stations on the
south and west coasts calculated from Hoy's (1970) data.

ONSHORE OFFSHORE

West coast South coast South coasr West coast
Mean 38 30 1.8 14
(std. dev)) (3.8) (2.8) (34) 2.3
No. of samples 46 60 60 46
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PHYTOPLANKTON DISTRIﬁUTION IN RELATION TO UPWELLING

Because of the obvious enhancement of primary productivity on the west
coast due to upwelling (De JaceRr, 1957; HarT and CURRIE, 1960), attention
was next focussed on the physical mechanisms of upwelling and its biological
consequences (ANDREwS and CraM, 1969; ANDREwS, CRaM and VISSER, 1970;
CALVERT and PRICE, 1971; BaNg, 1973; BaNG and ANDREWS, 1974; ANDREWS and
HuTtcHiNnGs, 1980, and other?)‘, In November 1968, (ANDREWS and CraM, 1969)
and December 1969 (ANDREwS, CrRAM and VISSER, 1970; ANDREWS and HUTCHINGS,
1980) two intensive surveys (Upwelling Cruises) were conducted in the near-
shore region off the Cape Peninsula (Fig. 2 b) to determine rates of upwelling,
subsequent nutrient enrichment and potential primary production. This is
an area where intense upwelling frequently occurs, particularly in spring
and summer (SHANNON, 1966) when south-east winds predominate. Newly
upwelled water is poor in chlorophyll @ (Fig. 3a), but rich in nutrients, so,
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F1G. 3.——-V§:rtical distribution of phytoplankton (mg chll. a-m—) along Line 4 of the
1969 Upwelling Cruise: (a) during upwelling on 16 December, and (b) during downwelling
on 13 December. (From ANDREWS and HUTCHINGS, 1980.)
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although phytoplankton levels are low, the potential for growth is high.
Consequently, when offshore, upwelling-inducing winds subside, the older,
more mature upwelled water, which floods back towards the coast during
downwelling, is rich in chlorophyll a (Fig. 3 b).

The oceanic front, which is defined by strong horizontal temperature and
salinity gradients at the sea surface, separates the warm offshore water from
the cold upwelled water inshore. In Figure 3b the vertical distribution of
chlorophyll a from inshore to offshore, indicates that the denser upwelled
water sinks at the front moving under the oceanic water as is illustrated by
the subsurface chlorophyll a maxima in the thermocline zone (Fig. 11 in
ANDREWS and HuTcHINGs, 1980). This surface front responds rapidly to changes
in wind direction, moving offshore during southeast winds, and onshore
during westerly winds or quiescent conditions. However, a more permanent
subsurface front exists at the shelf break during the upwelling season (BANG
and ANDREWS, 1974). This front is the effective boundary between the low
phytoplankton stocks typical of oceanic water, and the high biomass in
coastal upwelled water.

33T

347

- Flight track

*  Upwelling monitaring .-~ .
cruise station \

17° 18° E

Fic. 4. — Surface temperature (°C) distribution (from Airbone Radiation Thermometer
data) of the southern Benguela Current during upwelling on 14 January 1973, with station
positions for the Upwelling Monitoring cruises. (From ANDREWS and HUTCHINGS, 1980.)
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The existence of one or more “plumes” of cold water moving in a north-
westerly direction during upwelling, as demonstrated by airbone radiation
thermometry (ART) (ANDREwWS and CraM, 1969; ANDREwS et al., 1970), prompted
ANpREWS and HuTcHiNGs (1980) to choose a line of stations running north-
west from Duiker Point on the Cape Peninsula (Fig. 4), and monitor this line
on a monthly basis for two and a half years from October 1970 to March 1973
(Upwelling Monitoring Cruises), then again from January-June 1977 (unpubl.)
and March 1983 (HutcHINGS et al., 1984) following apparent weather anoma-
lies. By assuming that this line of stations was orientated along the upwelling
plume, they equated the spatial changes offshore with temporal changes in
terms of the development of phytoplankton populations in upwelled water.

The essence of this work was to establish the seasonality of upwelling in
terms of physical, chemical and biological parameters. The results, with
regard to phytoplankton, show that the standing stock (mg-chll a-m~* inte-
grated from 0-350 m) is on average much higher, more variable, and extends
further offshore during the summer upwelling season (September-March) than
between April and August (Fig. 5). The considerable variation found during
spring, summer and part of autumn is due to phvtoplankton being sampled
during different phases of the upwelling cyvcle, as well as to variations in the
orientation of the upwelling plume. The relativelv uniform distribution in
winter, however, is due to turbulence, reduced light and reduced upwelling.

In 1973, the South Coast Upwelling Monitoring (SCUM) programme pro-
duced a set of data similar to, but more extensive than, that of the west coast
Upwelling Monitoring Cruises of Axprews and HuTcHines (1980). Once a
month a grid of 40 stations (Fig. 6 a) was sampled in the pilchard and anchovy
spawning-grounds on the south coast (CRAWFORD, SHELTON and HuTcHINGS, 1980)
between Cape Point and Danger Point (TRomp and HoORsTMAN, in prep.). Pre-
liminary results show that monthly changes in chlorophyvll a concentrations
in the nearshore area were closely related to the occurrence of easterlv winds
which induce upwelling. Species composition and dominance changed from
a mixed community in a warm stable water mass to a less diverse community
after upwelling. Diatoms generally dominated, although sometimes dinofla-
gellates were more abundant offshore, as was found by Coc¢rLax-NEL in the
1961-67 Routine survey (De Decker, 1973).

PHYTOPLANKTON BIOMASS DISTRIBUTION IN THE SOUTHWEST CAPE

Even though by this stage a fair amount was known about the distribution
of dominant phvtoplankton species and about the effects of upwelling on
phvtoplankton stocks in localised areas, there was little quantitative informa-
tion on overall phytoplankton biomass or production in the southwest Cape
coastal zone, which supports substantial pelagic fisheries. However, two more
recent surveys have provided data suitable to address the question of bio-
mass distribution.
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First, in association with a program for sampling pelagic fish eggs and larvae
(Cape Egg and Ldrval Programme or C.E.L.P.) (SHELTON, 1982), chlorophyll a
measurements were made monthly from August 1977 to August 1978 at eight
depths in the upper 100 metres at 120 stations in a 110-kilometre-wide coastal
strip from Lamberts Bay on the west coast to San Sebastian Bay on the south
coast (Fig. 6 b). Second, during 1978-83 chlorophyll concentrations were de-
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F1G. 6. — Station positions for: (a) the South Coast Upwelling Monitoring (SCUM) cruises
from Januarv to December 1973, and (b) for the Cape Egg and Larval Program (CELP) from
August 1977 1o August 1978. Heavy dots indicate the lines (12, 28, 64 and 76) used for

vertical sections.
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termined over a somewhat larger area from the northern Namibian border
(18° S, 14° E) round to East London (34° S, 28° E) on the east coast of South
Africa on a number of occasions by the Nimbus-7 satellite coastal zone scan-
ner (SHANNON et al., 1983). Combined results of these two approaches are
presented by SHANNON et al. (1984b). In this paper, we present a brief
synopsis of the shipborne results. Data show that the vertical distribution
of phytoplankton (Fig. 7) is largely dependent on physical mechanisms domi-
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F16. 7. — Vertical distribution of phytoplankton (mg chll a-m-") during winter
and summer along four lines of stations (12, 28, 64, 76) on the CELP grid.
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nating in particular areas or seasons. In winter, phytoplankton is generally
more evenly distributed in the water column on both west and south coast
— probably due to storm-mixing and reduced light preventing rapid build-up
of high concentrations of phytoplankton. In summer, the shallower upper
mixed layer, increased nutrients due to upwelling and increased light, result
in the build-up of high concentrations of phytoplankton inshore in the upper
20-40 m along the coast from Cape Agulhas westwards. East of Cape Agulhas
and further offshore along the whole coast, where the effects of nutrient
enrichment due to upwelling are not marked, stabilization results in only
moderate chlorophyll levels in spring, followed by reduced levels in summer
due to nutrient limitation in strongly stratified waters. Very close, inshore
in the vicinity of the Cape Peninsula upwelling centre, BrowN (1980) de-
monstrates that mean phytoplankton biomass is similar in winter and summer
even though vertical distribution patterns may be very different for these
seasons. :
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FiG. 8. — Distribution of phytoplankton biomass (mg chll a-m~* from 0-50 metres)
in the southern Benguela area during winter and summer.
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This change in vertical distribution with season is also evident in terms
of horizontal distribution (Fig. 8). In winter, biomass (mgchla-m=? inte-
grated from 0-50 m) tends to be fairly uniformly distributed in the coastal area,
except in the extreme north. Here higher levels may be attributed to up-
welling persisting through:})ut the year (SuANNON, 1966), and on occasions
when stormy weather mixes the water column to the bottom thereby releasing
accumulated nutrients into the upper layers as happened on the Agulhas
Bank during August 1977. In summer, the area from Cape Agulhas to Cape
Columbine shows strong horizontal gradients offshore, with the chlorophyll-
enriched band (>50 mg-m~*) relativelv narrow off Cape Agulhas and widening
northwards. However, north of Cape Columbine horizontal gradients weaken
and widespread but moderate biomass levels were observed throughout the
summer. Spring and Autumn data show distributions intermediate to those
in winter and summer, with turbulence and irradiance playing roles similar
to those in temperate seasonal cvcles.

PHYTOPLANKTON PRODUCTION AND POPULATION GROWTH

Rates of production

Neither standing stocks nor mean concentrations of phyvtoplankton, on
their own, are necessarily ecologically relevant in terms of food suply to
other trophic levels. Both the «threshold» feeding concentrations required
by consumers (STEELE, 1974; Lasker, 1973) and the match or mismatch of
primary producers and consumers in time and space (LASKER, 1973) may be
retevent in terms of trophic interactions, and, of course, the rate of pro-
duction of phytoplankton can greatly intluence the vield of phytoplankton and
so affect the productive capacitv of the coastal zone.

Attempts to assess phvtoplankton production in the southern Benguela
area, whether it be actual or potential production, are summarized in Table II.
Potential production (marked with an asterix) represents an upper limit to
primary production under saturating-light conditions, but it is unlikelv that
thev can be used as realistic estimates of phvtoplankton production in natural
waters.

Actual production estimates obtained from a reasonable number of mea-
surements (i.e. HENRY, 1979; Browx, 1980, 1983a, 1984; CARTER, 1982) show fairly
similar mean daily-rates of about 3  gC.m~*.day~' close inshore on the west
coast. Variation within each data set, however, is considerable and is thought
to depend mainly on phytoplankton biomass and daylength, because nutrients
seldom limit production close to the shore (BrownN, 1980). These estimates
are slightly higher than, but still comparable with, estimates in upwelling areas
off Northwest Africa (1.96 - g C.m~*.day-') and Peru (1.89 gC.m-*.day™")
(BarBer and Swith, 1981).
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TABLE 11

Estimates of primary production in the southern Bengucela region from St. Helena Bay on the west coast to the Agulhas Bank on

the soulh coast of South Africa (n = number of mcasurements, *1 = unless otherwise specilied, *2 = rate of potential production,

*3 = unpublished revision, *4 = revised estimate (Brown, 1984).

Phytoplankton production

Author Location Time of year Estimated from n Rate (g C-m*-day')*!
Hewnry (1979) St. Helena Bay Nov.-Feb. “C uptake
— mcan (simulated in situ) 8 3.1+
— inshore » 5 4.3%
— offshore » 3 1.0**
Hi:NrY et al. Langebaan Lagoon Through year Oxygen production 20 0.38 (gC-m *-day ')
1977) (ine sittr)
Saldanha Bay » Suiface chil a and water 324 1.7
transparency measurcments
STEEMANN Cape Columbine Dec. “'C uptake 1 1.8
NieLseN and Cape Peninsula Jan. 1 14
JENSEN (1957) False Bay Jan, 2 15
BrowN (1983a) Capce Columbine March "C uptake 5 3.1
Cape Peninsula Dec. (corrected for night 12 36
to Cape Columbine respiration)
Cape Peninsula Feb. 4] 30
Cape Peninsula ’ March 14 3.0
Oct. 12 4.0
Nov. 2 39
Dec. 9 34
ANDREWS ef al. Capc Peninsula Nov.-Dcc. It situ dissolved oxygen 1 8.5
(1970) levels
Mass of upwelled nitrogen 4 31.0 (per upwelling day)**

and phosphorus

10.4 (per average day)**

(413
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ANDREWS and Cape Peninsula Through year Oxvygen production 48 10.0**

Rurcnings (1980) (in constant saturating light)

Brown (1980, 1984) Capce Peninsula Through year Oxygen production (in situ) 58 3.1 (3.8)*'
Oudckraal (active Winter 10 19 2.2)*
upwelling site)

» Summer 35 24 (2.5)*!
Robben Island Summer 13 5.0 (5.6)**
(stable site)

CaRTER (1982) Cape Peninsula Through ycar Oxygen production (in situ) 29 31
(Oudckraal kelp Summer 7 4.56
bed) Autumn 8 0.72

Winter 6 284
Spring 8 4.28

BORCHERS andl » April "C uptake (in situ) 2 1.1

Fie (1981)

CrLirr (1979) Falsc Bay Summer Oxygen production (in situ) 6 001 g C-m™*-day’
(ot Dalchrook)

BRrROwWN ¢t al. False Bay Sept. Oxvgen production (in situ) ] 3.7 g C-m™-day™'

(1979) (red tide at
Gordons Bay)

BrownN (1983 b) Agulhas Bank Nov. YC uptake (in sitn)

— mean 5 1.1

— upwelling arca 1 2.62

— non upwelling B 4 0.73
arca

SHANNON and Cape Columbine to Nov.-Feb. Chl data from satcellite colour — —4

Hinry (1983) Capce Aguthas scanncr and productivity indices
Capce Aguthas March — 2
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Annual production at a site of active upwelling off the Cape Peninsula has
been estimated independently by BrowN (1984) and CARTER (1982) to be 0.89
and 1.13 kg C-Wm*-.y~! respectively, whereas at a more stable site nearby
it was estimated to be 1.62 kg C.m~2.y™' (BROWN, 1984). Although these values
are higher than RyYTHERS's (1969) and WHITTLE's (1977) annual estimates for
upwelling areas (0.3 and 0.23 kg C.m~2.y~! respectively), they are unlikely to
overestimate production in the coastal zone off the Cape Peninsula because
the measurements were made close to the coast where biomass levels are
relatively lower than further offshore, as can be seen in the biomass distri-
bution along the Upwelling Monitoring line (Fig. 5). If anything, these mea-
surements should underestimate mean production for the coastal zone.

Production estimates have, over the years, come under severe criticism for
a number of reasons (e.g. STRICKLAND, 1960; VOLLENWEIDER, 1969; WILLIAMS
et al,, 1979; PeTeErsox, 1980). A certain amount of methodological work has
been done locally in an attempt to reduce possible errors (BrRowN, 1982a,b
and c, 1983 c; Brow~ and FIELp, in prep.). A short-coming in the implementa-
tion of production results is the extrapolation of relatively few measurements
to large areas of ocean. A novel approach has been adopted by SnaxxoN and
HEexry (1983) to minimize this limitation. Thev use Nimbus-7 satellite images
of chlorophyll distribution together with shipboard ''C uptake chlorophyll
measurements collected in representative areas of ocean, to calculate primary
production over extensive areas in the coastal zone. Although there are nu-
merous shortcomings in using such remote-sensing methods for estimating
phvtoplankton biomass and, more particulariy, production rates, this appro-
ach holds interesting potential for calculating phytoplankton input for large
areas with variable boundaries such has southern Benguela ecosvstem.

Population dyvnamics

While estimates of phytoplankton biomass and production at fixed points
give an idea of overall distribution and potential vield of phytoplankton, an
understanding of the time scales associated with, and the factors affecting
the development of phvtoplankton populations in upwelled water requires
intensive study of individual patches of upwelled water. The first attempt
to mark a patch of water using a drogue and to monitor the development
of the phvtoplankton populations, was by ANDREWS and CRaM (1969; ANDREWS
et al., 1970). This preliminary study was followed by the work of HuTcRINGS
et al. (1983). A series of six Plankton Dynamics cruises were conducted off
the Cape Peninsula during the upwelling season between December 1979 and
March 1983. Sampling took place three times a day alongside a tetrahedral
drogue which was suspended at 10 metres and assumed to be moving with
a patch of water. Water samples were routinely taken three times per day
from ten depths between the sea surface and a depth < 100 metres to measure
oxygen, nutrients, chlorophyll, particle numbers and volume, and species

18
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composit ton. At selected depths '“C uptake (BROWN, 1983 a) and the relative
assimilation of "C into -different biochemical fractions (BarLow, 1982, 1983
a-b, in prep.) were measured as were particulate protein, carbohydrates and
CHN. Zooplankton WP-2 net samples were taken above and below the ther-
mocline, and the rate of copepod grazing in the euphotic zone was measured
(OL1viErl and HurcHINGs, 1983). In March 1983 emphasis was placed on phy-
toplankton losses due to sedimentation and on heterotrophic activity in the
water column. As the analyses of these data are in various stages of comple-
tion we shall highlight only some of the more general findings.

Phytoplankton species analyses by OLIVIERI (1983 a,b) for the December
1979 drogue cruise (as well as for Upwelling Monitoring transect cruises
between September 1972 and February 1973), show no evidence of a species
succession (MaRGALEF, 1938, 1968) which was suggested might occur when
upwelled water matures and stratification with attendant physical, chemical
and biological changes takes place so as to alter the environs of the colonizing
species. In the case of the drogue cruise, the “seed™ diatom species in the
upwelling water remained dominant throughout the cruise. However, it is
possible that changesin species composition may have occurred after the
bloom, as the monitoring period lasted only 3 days, thus only just covering the
sharp decrease in biomass which indicated the end of the bloom. It may
also be worth noting that, although the 1972/73 transect data showed no
species succession along the Upwelling Monitoring line or with time, the sam-
ples were poorly preserved (OLIviERL, 1983 b) and consequently the presence
of fragile flagellates mav be gone unrecorded.

The March 1983 Upwelling Monitoring species analyses by MITCHELL-INNES
(HuTcnixes er al., 1984) and corresponding Coulter Counter particle spectra
showed a rather different picture. Cell counts showed that although diatoms
occurred at all stations, microtlagellates were more nuinerous. Particle spec-
tra, however, showed that in terms of particle volume, while the diatom-chain-
sized particles (equivalent sphere diameter of >20 um) were dominant, the
nannoplankton fraction comprised about one third of the total particle volume
—a considerably larger fraction than occurred in other Plankton Dvnamics
cruises analvsed. However, in terms of actual volume, the microflagellate
fractions were only slightly more abundant during the March 1983 Upwelling
Monitoring cruise than during other cruises. It appears that microtlagellates
may occur in relatively constant “background™ numbers, and that only when
the bloom-causing diatoms decrease does the relative importance of micro-
flagellates increase. The March 1983 results should not necessarilv be con-
strued to be the norm, however, as the survey was conducted at the end of
a so-called anomalous summer where the frequency of upwelling decreased
noticeably compared with previous years (SHANNON er al., 1984 a). It would
seem that careful ship-board species analyses are necessary to resolve this
question.
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Changes in biomass (in terms of chlorophyll a per m~?) over the Plankton
Dynamics monitoring periods (Fig. 9), suggest that a short, but intense burst
of (diatomn) growth strips most of the nitrate from the newly upwelled water
within 5 to 8 days (HUTCHINGS et al., 1983). Daily production, as calculated
from C uptake experiments (BrowN, 1983a), does not account for observed
changes in biomass (Fig. 10). This suggests that other processes, such as
dispersion, sedimentation, zooplankton grazing, etc., play an important role
in regulating phytoplankton biomass.

The biochemical composition and pattern of *C assimilation into photo-
synthetic products was monitored by Barrow (1982, 1984a-b, in prep.) for
different environmental conditions during the drogue cruises. When nitra-
tes were depleted to <1 mgat-NO, — N.m~?, carbon uptake into protein was
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reduced and protein and chlorophyll a concentrations increased deeper down
in the water column as cells sank out of the upper mixed layer (BarLow,
1984a). The phytoplankton community adapted to decreasing light by main-
taining the synthesis of protein at the expense of carbohydrate. BarLow (ibid)
postulates that this may be a mechanism whereby the community remains
viable until mixing transports the cells back to the surface layers. Although
production per mg chlorophyll a was found to be higher in a turbulent water
column than in a stable one, a large proportion of the assimilated carbon
was in the form of low molecular-weight metabolites. Because relatively more
protein was found under stable conditions, BARLOw (1984b) suggests that ac-
tual phyvtoplankton growth in a stable environment is faster than under tur-
bulent conditions. However in a deeply mixing environment where nutrients
are plentiful, the assimilation of carbon (at low light levels) into protein
and amino acids is higher than the assimilation into carbohydrates. These
results indicate that “C,-photosynthesis™ dominates in the upper euphotic
zone while “C,-metabolism™ is more prevalent further down in the euphotic
zone (BaARLOW, in prep.). .

The pattern of nitrate depletion during the development of phvtoplankton
populations (Fig. 11), suggests that phytoplankton biomass distribution along
the Upwelling Monitoring line (which is assumed to follow the upwelling
plume) increases to a maximum, then decreases further offshore as nutrients
become increasingly limiting. However, this is usually not the case (Fig. 3).
In a number of instances, a peak in biomass occurs about 20-40 kilometers
from the shore, with a second peak occurring considerably further offshore.
The first peak is probably attributable to the initial burst of diatom growth
immediately after upwelling with the resultant decay from a combination of
grazing, sedimentation and nutrient limitation. The second peak, however,
may be due to one or a combination of the following reasons:

(i} replenishment of nutrients in the water column due to degradation by
micro-heterotrophs or to excretion by micro- or net zooplankton;

(ii) entrainment of deep nutrients into the euphotic zone by turbulence
due to wind which tends to be stronger offshore, although this would be
offset by increased water column stability;

(iii) differential rates of water movement away from the Cape Peninsula.
Inspection of drogue tracks from the Plankton Dynamics cruises (Fig. 12)
suggests that the path taken by upwelled water varies somewhat from that
of the line of Upwelling Monitoring stations. After station 7 the drogues
tended to move in a northerly direction (relative to the line of stations), and
remained within 50 km of the coast. Upwelling off the southern part of the
Cape Peninsula (ANDREws and CraM, 1969) could place nutrient-rich water
close to the frontal zone where acceleration due to the associated jet currents
(BANG and ANDREwS, 1974; SHaNNON et al., 1981) may result in this water
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effectively overtaking that which upwelled at station 1, so the second peak
may be equivalent to the first one, but for a different body of upwelled water.
If follows that the outer peak could be an artifact in terms of the assumption
that the spatial separation of stations is comparable to temporal separation
in the development of phytoplankton in a body of upwelled water.
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Fi1G. 12.— The paths taken by five drogues during the Plankton Dynamics cruises,
with the station positions for the Upwelling Monitoring (UM) cruises.
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Daily thermal colour images obtained by remote sensors (using satellite or
aircraft depending on thé dimensions of the area of interest) combined with
simultaneous shipboard monitoring, could help explain the origin of such
phytoplankton distribution patterns.

Most of the extensive surveys to date have been conducted, at best, on a
monthly basis. As the generation time of phytoplankton may be of the order
of a day, and, as has been demonstrated off the west coast (ANDREWS et al.,
1970; BrowN, 1980; BarLow, 1982; HUTCHINGS et al., 1983; OLIVIERI, 1983 a),
large changes in phytoplankton distribution can occur over a matter of a few
days, monitoring once a month is not frequent enough to ensure a repre-
sentative picture for a particular month or season, especially during the up-
welling season (September-April) when wind reversals can occur 4 or 5 times
in a month (HutcHINGs, 1981). A combination of approaches, including ex-
tensive and intensive surveys, laboratory-based studies and the use of easily
measured indices to facilitate monitoring the environment, is required to
understand and quantify the functioning of this eco-system, particularly if an
environmental input is to be used in management strategies of local fisheries.
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Chapter 14

PHYTOPLANKTON PRODUCTION, CHLOROPHYLL @« AND LIGHT
PENETRATION IN THE SOUTHERN BENGUELA REGION DURING THE
PERIOD BETWEEN 1977 AND 1980

P.C. BROWN AND J.L. HENRY

Phytoplankton production data. together with chlorophyll g and light penetration measurements, collected
in the southern Benguela upwelling region over roughly the same period as the Nimbus-7 satellite ocean colour
experiment, are summarized. During the upwelling seasons (spring-autumn) mean chlorophvil @ concentra-
tions in the euphotic zone are high and variable (mean = 8,7, range = 0,4-24.9 mg-m™*) and phytoplankton
production is reasonably well correlated with chlorophyil 2 measurements. During winter, however, the
correlation between production and chlorophvil ais low, probably because of the small number and spread ot
production data available. Because of the much better coverage attained for chlorophyll @ measurements {from
satellite tmages or extensive ship surveyvs). as compared with production measurements, it is considered that
production/chlorophyil a regressions would be useful for estimating primary production for large areas such as
the Benguela upwelling ecosystem.

Gegewens oor die produksie van fitoplankton, tesame met metings van chlorofil aen ligindringing. wat in die
suidelike Benguela-opwellingsgebied versamel is ongeveer dieseifde 1vd as die oseaarkicurproel’ met die
Nimbus-7-satelliet. word opgesom. Gedurende die opwellingseisoene {lente~herts) is gemiddelde konsentrasies
van chlorofil g in die eufotiese sone hoog en veranderlik (gemiddelde = 8.7. bestek = 0.4-24.9 mg-m~") en is
die produksie van titoplankton redelik goed met chlorolil a-metings gekorreleer. In die winter is die korrelasie
tussen produksie en chlorotil a egter laag, waarskynlik weens die geringe getal en verspreiding van beskikbare
gegewens oor produksie. As gevolg van die veel beter dekking wat verkry is vir chlorofil a-metings (uit
satelhietbeelde of omvattende skeepsopnames). vergeleke met produksiemetings. word gemeen dat produksie/
chlorotil u-regressies nuttig sou wees vir die skatting van primére produksie vir groot gebiede soos die
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Benguela-opwelling-ek ostelsel.

The main aim of the Nimbus-? ground truth
experiment in the Benguela upwelling region (Shan-
non et al. 1983) was to relate satellite radiance
measurements to chlorophyIl a distribution. so as to
provide a synoptic method of measuring this para-
meter, a widely used index of phyvioplankton
biomass. over an area which approximately cor-
responds to the geographic range ot the major South
African pelagic fish stocks. In terms of ecosystem
energetics. however. estimates of phytoplankton
biomass should be used in combination with esti-
mates of production. in order to establish the overall
primary productivity of the system. Although the
measurement of phytoplankton production was not
a prime objective of the Nimbus-7 experiment, its
relevance was noted, and some measurements were
made in the southern Benguela upwelling region
during this period (Henry 1979, Brown 1984, Brown
and Hutchings 1985).

The phytoplankton production data, which were
collected in the southern Benguela region during the
period of the Nimbus-7 experiment, are summarized
in this paper. Production / chlorophyll a relation-
ships have been investigated with a view to predicting
primary production from extensive chlorophyll a

measurements in the Benguela region in a manner
similar to thatemployed by Fiala and Jacques (1974)
and Smith er al. (1977) off North-West Africa. by
Smith eral. (1982) off California and by Smith ( 1984)
off Somalia and Peru.

METHODS

Data collection

Sites where measurements of primary production
were made are shown in Fig. 1. Data. on which this
paper is based, were obtained from three sources, viz:

(a) Most data were collected at Sites A and B off the
Cape Peninsula (Brown 1984). The only winter
~data on primary production available for the
whole area was collected at Site A between June

and August 1978,

(b) During the first summer of the Nimbus-7 experi-
ment (November 1978-February 1979), some
production measurements were made in St
Helena Bay and west of Cape Columbine at Sites
C, D and E (Henry 1979).
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Fig. 1: The study area, showing fixed sampling sites off the
Cape Peninsula (A and B) and off Cape Columbine
{C. D and E), as well as stations along three drogue
tracks (F and G — December 1979, H — December
1980) where production measurements were made
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(c) Investigations into the development of phyto-
plankton populations in upwelled water (Brown
1983, Hutchings et al. 1983) provided produc-
tion data during December 1979 and December
1980. On these cruises, drifting buoys with
drogues set at 10 m were used to follow patches
of upwelled water and monitor the dynamics of
the phytoplankton populations.

Sampling

At each station, water samples were collected at
the sea surface and from depths to which 50 per cent,
25 per cent, 10 per cent and | per cent of the surface
light penetrated, by means of 5 dm’ and 7 dm’ NIO
plastic samplers. Light penetration was estapiished
with an underwater quantum sensor (Lambda LI-
192S) as recommended by the Scientific Committee
on Oceanic Research (1974) or, in some cases, from
Secchi disc depths (Poole and Atkins 1929). Tempera-
ture profiles were made with a bathythermograph to
140 m, or to 5 m above- the sea bed for shallow
stations. Subsamples were taken for analyses of
salinity, nutrient. chlorophyll 2 and primary produc-
tion. Chlorophyll 2 was measured according to the
spectrophotometric method of the SCOR/UNESCO
Working Group 17 (1966): one or two dm* of water
were filtered through glass-fibre filters. coated with
magnesium carbonate, at a vacuum of 30 kPa.

Measurements of primary production

Primary production was measured by either the
carbon-14 uptake method (Strickland and Parsons
1972) or the light-and-dark-bottle oxygen method
(Strickland 1960). Water samples were drawn, in the
shade, into 125 cm?® glass reagent bottles and in-
cubated for a period of four hours between 09h30
and 15h30. either in sine or in a deck incubator in
which /n sine conditions were simulated (Brown
1982). During the drogue studies, two incubations
were conducted daily, one in the morning and
another-in the afternoon, and here the mean of the
two measurements has been used.

Estimates of production from the oxygen and
carbon-14 methods were combined, because the
results of 10 sets of replicate experiments (Sea
Fisheries Research Institute, unpublished data) were
not statistically different (p > 0,2) when subjected to
the Wilcoxon signed-ranks test (Dixon 1977).

Daily production, P,,, was calculated as follows:

P24 = Pim(d - Orln)

where P,, = hourly depth-integrated production,
d = number of hours of daylight (sunrise to sunset),
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Table I: The number of depth-integrated primary production and chlorophyll a measurements made in the euphotic zone at
each site during spring, summer, autumn and winter

. Number of measurements made
Site Date Spring Summer Autumn Winter Total
(Sept.-Nov.) {Dec.-Feb.) {March-May) (July-Aug.)
A Nov, 77 — Dec. 78 13 13 | 8 35
B April 77 — March 79 0 5 8 0 13
C Nov. 78 -~ Feb. 79 ! 4 0 0 5
D Feb. 79 0 2 0 0 2
E Feb. 79 0 l 0 0 |
F Dec. 79 0 1 0 0 1
G Dec. 79 0 2 0 0 2
H Dec. 80 0 6 0 0 6
All sites Nov. 77 — Dec. 80 14 34 9 8 65

and n = night hours (sunset to sunrise).

RESULTS AND DISCUSSION

The number of depth-integrated measurements of
primary production and chlorophyil @ which were
made at each site (Fig. 1) during the period 1977-
1980 is given in Table 1. The paucity of data and their
uneven distribution. together with the inherently
large spatial and temporal variations in phytoplank-
ton production (Brown 1984, Brown and Field in
press) and biomass (Andrews and Hutchings 1980,
Shannon, Hutchings, Bailev and Shelton 1984} in the
dynamic southern Benguela upwelling system. pre-
vent meaningful comparison of average production
measurements between sites or areas within the
system. Consequently data have been grouped to-
gether and summarized in Table 1l on a seasonal
basis. A commentary on these data follows.

Chlorophyll a at the sea surface and in the euphotic
zone

Chlorophyll @ concentrations. both at the sea
surface (C,) and the mean value in the euphotic zone
(C,), were higher and more variable during the
upwelling seasons (spring to autumn) than in winter
(Table II). The reason for this is that during the
*summer’ months dense blooms of phytoplankton
develop in the cool nutrient-rich water. The latter is
poorly seeded with phytoplankton (i.e. has very low
concentrations of chlorophyll a) when newly up-
welled into the euphotic zone (Andrews and Hutch-
ings 1980, Barlow 1982, Hutchings efal. 1983, Brown
and Field in press). In contrast to the summer
situation, reduced upwelling, increased turbulence
and a reduction in irradiance combine to prevent the
build-up of dense concentrations of phytoplankton

3

during winter (Brown 1984),

Although there was a good linear correlation
between C, and C,. during the upwelling seasons
(Fig. 2a)and alsoin winter (Fig. 2b), the slopes of the
curves were different. During winter, C, (at concen-

trations greater than 2 mg-m™') was consistently
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Fig. 2: Plots of C, versus C, during (a) the upwelling
seasons and (b) winter
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hourly depth-integrated production (P,,,) in the euphotic zone, the 1-per-cent light depth (D,4,), the number of data points (n), mean number of
hours of daylight for each season, and daily production (P,,)

Table II: Measurements of chlorophyll a concentration at the sea surface (C,) and in the euphotic zone (C,), depth-integrated chlorophyll a (C,,,) and
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higher than C,, whereas during the upwelling seasons
these estimates were almost the same. In concurrence
with our findings during the upwelling seasons,
Shannon, Schlittenhardt and Mostert (1984) and
Sturm eral. (1984) reported that C,and C, (measured
in the southern Benguela region during February
1980) were, for practical purposes, identical. That the
correlation between C, and C, during the upwelling
seasons was not as strong as it was in winter, is
presumably because the depth of the chlorophyll 4
maximum is more variable during the upwelling
seasons: As blooms develop in response to pulses of
upwelling, a chlorophyll 2 maximum initially de-
velops near the sea surface, then progressively
deepens as the cells sink and nutrient limitation of
production takes effect in surface waters (Hutchings
et al. 1983). In winter, however, even when the water
column does stabilize (a rarer occurrence than in
summer), thereby allowing differential distribution
of chlorophyll a, the relatively weak chlorophyli «
maximum tends to be at or near the sea surface. This
is partly because the lower levels of ambient light in
winter are less likely to result in photo-inhibition
near the sea surface, and partly because lower winter
production reduces the intense stripping of nutrients
and consequent depletion of chlorophvll a in surface
waters. Moreover, the increased frequency of turbu-
lent conditions in winter is likely to replenish surface
nutrients and mix phvtoplankton.

Depth of the euphotic zone

The fairly good logarithmic correlations ( Table 1)
between C, and C, and the depth of the i-per-cent
light level (D). particularly during the upwelling
seasons (rf = 0,.84for D~ vs C,and r~ = 0.65for D,.,
vs C,),areillustrated in Fig. 3. The regressions enable
the depth of the euphotic zone. ie. D\~, to be
calculated from chlorophyll a estimates (C, or C))
obtained either directly from spectrophotometric

Table ll: The logarithmic forms of the regression equation
(y = a + b Inx), the coefficients of determination
(r?) and the number of data points (n) for the
correlations between D4, versus C,and C, during

the various seasons

Correlation Season a b r n
Dyg vs C, Upwelling 28 -6,53 0,65 57
Winter 30 | ~-280 0.34 8

Both 29 | -6.53 0.62 65

Dyg, vs C, Upwelling | 30 | -716 0,84 57
Winter 3 - 3.86 0.23 8

Both 3 -7.32 0.82 685
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during the upwelling seasons and winter. The loga-
rithmic forms of the regression equations and coeffi-
cients of determination are summarized in Table HI.

measurements, or indirectly from satellite images.
Moreover, when only surface chlorophyll a measure-
ments (C,) are available, mean chlorophvll a con-
centrations in the euphotic zone (C,) can be calcu-
lated (see Fig. 2). It follows that depth-integrated
chlorophyll @ in the euphotic zone (C,) can be
estimated indirectly by multiplving C, by D,q. This
approach should prove useful, not only when D4 is
unknown, but also when limited subsurface chloro-
phyll data are available.

Chlorophyll a and production

The lower chlorophyll a concentrations in winter
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allow light to penetrate deeper than during the
upwelling season (Table [I), newly upwelled water
excepted (Brown and Field in press). Consequently
C., and P, were only slightly higher during the
upwelling season than in winter. During summer,
daily production was nearly double the winter value,
although hourly production was only slightly greater
than in winter (Table II), because the daylight period
is longer in summer (Brown 1984).

Although there was little correlation (r< 0.24)
between the winter values of P,, and either C,,, C, or
C, (Figs 4, 5 and 6), the correlations during the
upwelling seasons were considerably better (r = 0,65
-0,71) and lay within the range of values reported for
other upwelling areas, viz. 0,60 for North-West Africa
(Fiala and Jacques 1974, Smith er al. 1977), 0,92 for
Peru, 0,69 for Somalia (Smith 1984) and 0,73 for
upwelling areas in the Atlantic and Pacific Oceans
(Lorenzen 1970). Brown and Field (in press) found
strong linear correlations between production at the
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sea surface and chlorophyll a concentrations at Sites
A and B during the upwelling seasons, particularly
when chlorophyll a concentrations were less than
12 mg-m= (r = 0,90, n = 29). The correlation weak-
ened when chlorophyll a concentrations of higher
than 12 mg-m~® were included in the analysis
(r = 0,78, n = 40) and weakened further when depth-
integrated estimates of production and chlorophylla
were used (r = 0,47, n = 24). However, for the larger
data set employed herein (Fig. 4a), the correlation
between P, and C,, was better (r = 0,71, n = 57).
The above findings suggest that phytoplankton
production in upwelled water is limited at first

primarily by biomass (i.e. chlorophyll ) and then, as .

the population matures, by light (self-shading effect)
and nutrients, both of which play increasingly
important roles in determining production. It follows
that a decreasing percentage of variation in P, may
be explained in terms of C,, (or C, and C,), and that
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Fig. 6: Plots of P, versus C, during {a) the upwelling
seasons and (b) winter

supplementary information is required to improve
predictions of production, particularly if specific
point estimates of chlorophyll a are to be used.

Suggested uses of regressions

If gross estimates of phytoplankton production
are required for large areas, regressions such as have
been developed here may prove useful for calculating
production from the extensive sets of chlorophyll a
measurements available from satellite colour images
and from extensive ship surveys (e.g. Shannon,
Hutchings, Bailey and Shelton 1984). The inaccuracy
in predicting production at a single point should be
weighed against the vastly increased area for which
data are available.

It should be noted that low concentrations of
chlorophyll a are typically found in both newly
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upwelled, nutrient-rich water, and in nutrient-poor,
aged upwelled or oceanic water. Because of the
difference in the availability of nutrients in these
water types, one would expect different relationships
between production and chlorophyll a. It is therefore
desirable that different regressions should be de-
veloped for different water masses and oceano-
graphic conditions. (These can be distinguished on
the basis of available supplementary data such as
water temperature, nutrient concentrations, geo-
graphical position and season.) Sea surface tempera-
tures from satellite infra-red imagery could perhaps
even be used in conjunction with the temperature-
nitrate relationship of Andrews and Hutchings (1980)
forestimating the nutrient-status of the environment.
Such information could, in turn, suggest which
production-chlorophvll regression equation would
be the most appropriate for predicting phytoplank-
ton production in different parts of the Benguela
ecosystem. This procedure would of necessity require
the collection of primary-production and accessory
data from a much wider geographic area. Estimates
of primary production tor the Benguela system will
be refined by work directed along these lines.

CONCLUSIONS

(1) Chlorophyll @ concentrations at the sea surtace
(C.) and mean concentrations in the euphotic
zone (C,) were well correlated (+ = 0,90 and 0.92
for summer and winter data sets respectively).
The relationship in winter was ditferent from that
during the upwelling seasons. The chlorophvll @
concentrations were both more variable and. on
average. two or three times higher during the
upwelling seasons than in winter.

The depth of the euphotic zone (D,-) can be
predicted with reasonable accuracy from C,, or
preferably, trom C..

Depth-integrated phytoplankton production (P,,)
during the upwelling seasons correlated fairly
well with €, and C, and particularly with depth-
integrated chlorophvll a (C,). In winter the
correlation was much weaker, this being partly
due to the small number and range of production
data.

Individual estimates of phytoplankton produc-
tion, calculated from satellite measurements of
chlorophyll a at specific sites, are inherently
unreliable because of the variable influence of
environmental factors on production/chloro-
phyll a relationships. Moreover, when large-scale
estimates of production are required, as in

—
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ecosystem models of the Benguela region, the
extrapolation of a few production measurements
over large areas of ocean negates the value of
even the most precise individual measurements.
However, large-scale estimates of primary pro-
duction based on satellite observation of ocean
colour can be justified by the much larger area
for which data on biomass distribution are
available. This improved data coverage more
than compensates for the variance associated
with the biomass-production regressions. More
experimental data will permit the development of
a suite of regression equations for different
seasons, areas and conditions.
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PART II : PHYTOPLANKTON BLOOM DYNAMICS IN UPWELLED WATER OFF THE
CAPE PENINSULA



CHAPTER 3: INTRODUCTION



Upwelling areas are renowned for high organic production (Ryther
1969, Cushing 1971). 1In the southern Benguela upwelling region,
high plankton and fish biomass and Qrodgction have been documented
(see reviews by Brown and Hutchings 1585, Shannon and Pillar
1986, Shelton, Boyd and Armstrong 1985), and attributed directly
or indirectly to rich inorganic nutrient concentrations in the
upwelling water. The main wupwelling season 1is from September
until April. However; the pulsing tongue-like nature of upwelling
in the southern part of the region (i.e. from Cape Columb;ne to
the Cape Peninsula) (Nelson and Hutchings 1983) coupled with the
paucity of phytoplankton and rich nutrient concentrations in the
water which upwells, results in highly variable concentrations of
phytoplankton in the coastal zone (Andrews and Hutchings 1980,
Brown 1984). Consequently the §vai1ability of phytoplankton to
consumers 1s not uniform in time or spacé, and may limit the
occurrence and productivity of organisms at higher levels in the
food web in this area. It follows that iﬁsight into both the
feeding ecology of consumers and the development of phytoplankton
populations, together with the dynamics of water after upwelling,

is necessary to evaluate trophic interactions in the ecosysten.

Numerous airborne radiation thermometry (ART) maps (e.g. Andrews
and Cram 1969, Jury 1980 and 1985, Nelson and Hutchings 1983,
Taunton-Clark 1982 and 1985) and satellite thermal images (Shannon
et al 1985) of the southern Benguela region illustrate the
existence of one or more tongues of cold water orientated roughly
to the northwest during wupwelling off the Cape Peninsula.

The existence of these tongues prompted Andrews and Hutchings
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(1980) to monitor a line of stations, the Upwelling Monitoring
(UM) line, running northwest frop Duiker Point on the Cape
Peninsula (see Fig.4, Chapter 1) on a monthly basis for two and a
half years from October 1970. Repeated hydrographic transects
demonstrated the semi-permanent nature of the plume as well as
high variability in nutrient concentrations and phytoplankton
biomass (see Fig.5, Chapter 1) off the Cape Peninsula during the
upwelling season. Satellite colour images (Shannon et al 1983,
1985) show <chlorophyll distribution to be <consistent with con-
current thermal images, preéeeding wind patterns, and the results
of direct 1investigations of the effects of upwelling on the
spatial and temporal distribution of phytoplankton (e.g. Andrews
and Hutchings 1980, Brown 1984, Brown and Field 1986). In other
words, chlorophyll <concentrations are low during upwelling
in the wvicinity of an active upwelling site, whereas they are
high adjacent to or downstream of the upwelling source, and high
close inshore along the whole coastline during quiescent periods.
To date the interpretation of satellite images has not been
detailed enough either to reflect possible small to meso-scale
patchiness, or to give an idea of the variation in chlorophyll
concentration within a large patch, since concentrations are
expressed in fairly wide ranges (i.e. 0.1-0.3, 0.3-1, 1-3, 3-10,
10-30 mg <chll.m™®) and wuncertainity exists as to the absolute
concentrations of <chlorophyll as inferred from the satellite
images (J.J.Agenbag, SFRI, pers.comm.). However, the sporadic
supplf of phytoplankton may 1limit zooplankton (Borchers and
Hutchings 1986) and pelagic fish distribution in the Cape Peninsula

- Cape Columbine area.

The major aim of Part II of this thesis is to examine the manner
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in which phytoplankton populations develop in upwelled water with
emphasis on the time scale of such events, 8o as to complement
the transect study of Andrews and Hutchings (1980) which emphasised
spatial variations across the shelf zone. Because their Upwelling
Monitoring (UM) 1line of stations was assumed to lie along the
upwelling tongue, spatial changes offshore were equated with
temporal <changes in terms of the development of phytoplankton
populations in upwelled waters. As can be seen in Fig.5 of
Chapter 1, phytoplankton biomass generally increased offshore
during the upwelling season, and peaked about 20-40 km along the
UM 1line with secondary peaks further offshore. However, the
equivalent time scale along such a line can be quantified only by

monitoring phytoplankton development in a single water body.

Various approaches have been used in other studies to investigate
such processes in a body of sea water. These fall into three broad

categories, viz.

(1) the mesocosm approach, in which a large body of water is
enclosed and maintained in as natural a state as possible during
the monitoring period,

(2) drogue studies, where a drogue is deployed in the sea
to "mark" a patch of water, and the water close to the drogue is
monitored, and

(3) repetitive grid sampling, where the area of interest is
surveyed repetitively so as to monitor changes in patches of

plankton which occur in or develop in the area.

Approach (3) has been wused off Peru (Beers et al 1971), off

Northwest Africa (Jones and Halpern 1981) and off the Cape
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Peninsﬁla, South Africa (Andrews and Hutchings 1980). Shortcomings
of this approach include the inability to control the physical
dispersion of the original water mass with time. More importantly.
the logistics of such an approach wusually do not allow the
frequency of sampling suitable for detailed examination of the
dynamics of a phytoplankton population (during peak growth
periods phytoplankton generation times may be only a few hours
(Sournia 1974) and so sampling should be more frequent than
daily). Such freguent sampling is more feasible using approaches

(1) and (2).

The mesocosm approach (1), which has been reviewed by Grice and
Reeve (1982), involves the use of either a large floating plastic
bag which encloses a column of natural sea water and its contained
plankton assemblages in _situ, (e.g. Strickland and Terhune
1961, Harrison et al 1977, Parsons 1978, Eppley et al 1978), or a
large land-based plankton tower (Peterson 1939, von Bodungen et
al 1976, Blach et al 1978) into which large volumes of natural sea
water are transfered (eg. Mullin and Evans 1974, Pi}son et _al
1979). Both apparatuses were designed to overcome the problem of
water column shear, a factor which cannot be controlled in
approaches (2) or (3). Shortcomings of the mesocosm approach,
however, include the possibility of inadequate representation of
the meso-zooplankton which‘would influence normal grazing
pressures; and also the "wall effect" of the enclosure converting
the system from one dominated by pelagic organisms to one dominated
by organisms which settle on the sides of the container. Probably
more important, however, is the reduction in vertical advection
and consequent increased sinking rates of phytoplankton. Practical

constraints include the expense of such apparatus and the fact
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that floating plastic bags are limited to calm seas, a condition
which seldom lasts for more than a day or two in the southern
Benguela region. Conseguently, the second approach (i.e. the use
of a drogue to follow a water mass while it is monitored) was
used in the present investigation. Such an approach has been
employed in a number of biological studies, particularly in
upwelling areas where rough <conditions wusually preclude the
use of large enclosures, eg. Andrews and Cram (1969), Ryther et
al (1971), Herbland et al (1973), Herbland and Voituriez (1974),
Nelson and Goering (1978), MacIsaac et al (1985). The main
short-coming of this approach is the doubtful ability of a
"patch” of water to maintain its physical integrity with time
(Beers et _al 1971). Dispérsion of the original water mass may be
caused by physical processes such‘as horizontal shear, diffusion,
turbulence, intrusion of other water bodies etc. In particular,
the scales of motion important to microscopic phytoplankton
particles are different from those which influence drogue-sized
particles.

Moreover, drogues are positively buoyant and so do not detect
sinking motions in the water column. Slippage of water past the
drogue may also complicate such an approach. However, in the
present study it is assumed that the patches, into which the
drogues were deployed, were large and uniform enough so that
these effects would be minimal. In the interpretation of
results, attention is directed towards possible artefacts resulting
from such an assumption. While, at its worst, such an investi-
gation may not allow one to calculate absolute rates of nutrient
uptake and phytoplankton growth from state changes in the water

column, it does reflect the in situ conditions after the net
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action of the physical and biological processes which occur after

upwelling.

The general strategy employed in the present study was as follows:
a large patch of the most recently upwelled water off the Cape
Peninsula was identified. A drogue was deployed in the middle of
the coldest patch, and changes in the biomass of the phytoplankton
population and associated environmental parameters were monitored
by sampling three times daily alongside the drogue for up to
seven days while various incubations (including measurements of
primary production and zooplankton grazing) were performed in
gsitu and on deck. The exercise was repeated five times (the
Plankton Dynamics Cruises A-E) during the wupwelling season
(September - April) between 1979 and 1981, so as to obtain some
idea of variation in the destination of upwelled water and in the

pattern of development of phytoplankton populations in this region.

Physical aspects of the study are presented in Chapter 5, gross
chemical and biologipal features in Chapter 6, nutrient ratios
and limitation in Chapter 7 and primary production in Chapter 8.
Detail on biochemical measurements is described by Barlow (1982,
1984 a and b), while Coulter <counter particle spectra and pro-
duction, phytoplankton species analyses and zooplankton biomass and
grazing pressures are described by Olivieri (1983), Olivieri,
Hutchings, Brown and Barlow (1985) and Olivieri and Hutchings

(1985 a and b).
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CHAPTER 4: METHODS
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The Plankton Dynamics drogue studies were conducted off the Cape
Peninsula (Fig.4.1) during 7-11 December 1979 (Cruise A), 3-9
December 1980 (Cruise B), 4-11 February 1981 (Cruise C), 6-13
March 1981 (Cruise D) and 20-26 October 1981 (Cruise E) from the

R.V. Africana II.

Underway mapping of sea surface temperature and salinity, together
with periodic bathythermograph (BT) profiles (e.g. Olivieri 1983,
for Cruise A) and observations of sea colour and clarity, enabled
demarcation of the largest patch of clear, cool, relatively newly
upwelled water apparent off the Cape Peninsula at the time. Sone
flexibilitf in the starting time of each «cruise allowed the
research vessel to sail after a few days of strong southeast
winds. Once a suitable patch was detected, a 3 m biplanar tetra-
hedral canvas drogue set with the mid point at 10 m, was deployed
in the patch and tracked for between 4 and 8 days. The drogue
des}gn, shown in Fig.4.2, was based on that of Boyd (1983), but
it was larger as a radio transmitter and flashing 1light were
attached to the superstructure to facilitate tracking. During
Cruises A and B a similar but smaller (approximately 2 m by 3 m)
drogue was used without the radio transmitter unit. The super-
structure was as light as possible to minimize windage and drag.
Drogue position, along with wind speed and direction, was recorded
each hour on board ship. Navigation fixes were made using Decca
or Radar:; wind speed was measured from the ship with a cup
anemometer at a height of 10 m above the sea, with direction
estimated by the ship's officer. Hourly wind data prior to and

during each study were also obtained from the Cape Point and Cape
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Columbine lighthouses (see Figs 5.1-5.,5).

Incident photosynthetically active radiation (PAR) was monitored
using a Lambda LI-190S atmospheric sensor coupled to a LI-500
integrator. Because of instrument failure during December 1980
(Cruise B) and March 1981 (Cruise D, Days 5 - 6), total hourly
radiation measurements (daW-h.m~2) made by the South African
Weather Bureau at the DF Malan Airport near Cape Town were used.
Total radiation was converted to PAR (muE.m"2.8-') using predic-
tive regression equations obtained for concurrent data sets from
Cruise A in December 1979 (PAR = 20.6 daW + 19.4, r = 0.96, n = 94)
and from Cruise D (Days 1-4) in March 1981 (PAR = 18.8 daW + 58,0,
r = 0,93, n = 77), for the missing PAR measurementé in Cruises B

and D respectively.

Sampling was conducted at approximately 08h30, 12h30 and 18h00
local time each day. During Cruise A a fourth station was
conducted at 22h00 to obtain a night-time sample of zooplankton
and a temperature profile only. Submarine 1light penetration was
established during daylight stations with an underwater quantum
sensor (Lambda LI-192S), and a bathythermograph (BT) temperature
profile was made. Ten water samples were then drawn with 18 1 or
5 1 NIO bottles from the wupper 100 m or shallower. Sampling
depths were <chosen to <cover the euphotic zone (100%, 50%, 25%.
10% and 1% light depths), the thermocline zone and the deeper
layer. Subsamples were then drawn for analyses of oxygen,
nutrients, chlorophyll a, biochemical composition, particle
spectra and phytoplankton species, and for primary productivity
and zooplankton grazing experiments. Discrete temperature

measurements and water samples for salinity measurements were
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obtained at the same depths using Nansen-Pettersen bottles for
gsigma-t density analyses, as no CTD was available on the R.V.

Africana II.

Salinity was measured on an induétively coupled salinometer and
oxygen concentrations were determined wusing Winkler titrations.
Water samples for nutrient analysis were stored at -20°C until
analysed for phosphate, nitrate (including nitrite) and silicate
on a Technicon Auto analyser according to the methods of Mostert
(1983). For chlorophyll a analysis, one litre of water from each
depth was filtered through a 47 mm Toyo GC-50 glass fibre filter
at a vacuum of 30 kPa, stored frozen, and analysed spectrophoto-
metrically in 90% acetone (Swart and Barlow 1981).

Water samples for 14C—uptake primary productivity experiments
were drawn at the morning and noon stations from the 100%, 50%,
25%, 10% and 1% light depths, and incubated either in_situ or in
a deck incubator (at stations 4, 12, 15, 18 and 20 of Cruise C)
where in_ situ light levels were simulated in bottles coated with
a spectrally neutral mixture of <c¢lear wvarnish and black poly-
urethane paint (Brown 1982b). Morning and afternoon incubations
usually commenced between 09h30 and 10h00 and between 13h30 and
14h45 respectively, and lasted for 3-3*'/- hours (Cruise A) or
4-4*/- hours (Cruises B-E). During Cruise E productivity measure-
ments at the 25% light depth were omitted and additional samples
were taken between the 10% and 1% light depths (when the depth
interval was large) and/or below the 1% light depth (to investigate

the possible underestimation of column productivity).
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A modification of the Strickland and Parsons (1972) 14C-uptake

method was used. Five (or ten for Cruise E) microcuries of
radioactive carbon in the form of NaH:COs were added to each 125ml
water sample (1 dark and 3 light per depth). The time before and
after incubation was kept at a minimum and samples were collected
in the shade, and stored cool and in the dark to prevent the
phytoplankton being light shocked (Brown 1982c). Photosynthesais
was arrested by filtering the samples onto 47 mm Toyo GC-50 glass
fibre filters (0.7 pm mean pore size), which were rinsed carefully
with filtered sea water, dried, and then fumed with concentrated
HCl for one hour to remove any residual inorganic 14C. The
filters were stored in mini scintillation vials in 6.5 ml of
Pico-Fluor scintillation cocktail (Insta-Gel for Cruise A).

A Packard Prias Liquid Scintillation Counter was used to measure
the activity of the samples ashore. The uptake of organic carbon
(in mg C.m~3.h~!') was calculated for each bottle sample according
to the method of Strickland and Parsons (1972); dark uptake was
subtracted from the mean light wuptake to give an estimate of
productivity at each depth. Depth-integrated or column producti-
vity was obtained by linear integration of discrete estimates.
Daily productivity may be <calculated by several methods; these

methods will be described in Chapter 8.
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5.1 Introduction

Physical aspects of the Benguela upvelling area have been throughly
reviewed by Nelson and Hutchings (1983) and by Shannon (1985a)
and co-workers (Shannon 1985b). A summary of features relevant

to the present study is presented here.

In the southern Benguela redion, upwelling is induced primarily by
longshore equatorward winds (mostly southeast) which “drive
surface water away from the coast (for general discussion of the
theoretical aspects of upwelling refer to Brink 1983). SE winds
are most intense between spring and autumn when the Sopth Atlantic
atmospheric high pressure systen periodically elongates and
ridges round the continent. Cold subsurface water wells to the
surface from depths not greater than about 200 m (Nelson 1985),
and, depending on the submarine and terrestrial topography, is
expressed either three dimensionally (3-D) as a tongue of cold
water with surface isotherms forming closure with the coast (as
off the various capes and headlands), or, in a more two dimensional
(2-D) manner, as a narrow strip of cold water adjacent to the
coast. This quasi 2-D wupwelling occurs along the relatively
featureless coast norfh of St Helena Bay as shown by Taunton-Clark
(1985, Fig.7b and c¢) and Jury (1985, Figs 84 and 17). The Cape
Peninsula and Cape Columbine areas, however, are considered to be
two of the major centres (Taunton-Clark 1985) of distinctly 3-D
upwelling in the southern Benguela region. Because Africa ends
at 356°S, easterly moving <cyclones are allowed ‘free passage past

the continent. This results in a modulated upwelling c¢ycle with
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days in the area south of 31-32°S. The consequent formation;
growth and decay of tongues of cool water in response to these
cyclical wind patterns has stimulated considerable oceanographic
interest not only in the physical mechanisms responsible for such
phenomena, but also in the increased biological productivity
resulting from the rapid uplift of nutrient-rich waters into the

euphotic zone.

Aerial radiation thermometry (ART) data obtained during various
stages of upwelling events (Andrews and Cram 1969, Jury 1980,
1985 and Taunton-Clark 1982 and 1985) show several distinct
upwelling sites along the Cape Peninsula, the tongues of which
merge to form the Cape Peninsula tongue (Nelson and Hutchings
1983). In his attempt to quantify tonqgue development, Taunton-
Clark (1985) shows that the Duiker Point to Oudekraal area (see
Fig.4.1) is the Cape Peninsula tongue base and the primary

upwelling site in the southern Benguela itself.

Nelson (1985) points out that satellite <colour images show
convoluted filaments of water (containing relatively high concen-
trations of chlorophyll) stretching to the northwest far beyond
the boundaries of the thermal tongue, and attributes their
existence to surface currents advecting the products of biological

activity initiated at the upwelling centre.

Until the advent of current metering and drogue tracking programs
by the Sea Fisheries Research Institute (Nelson and Hutchings 1983,
Nelson 1985, Holden 1981 and 1985, Shannon et al 1981), knowledge
of circulation patterns in the southern Benguela area was limited

and inferred indirectly. Currents in the Cape Peninsula-Cape
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Columbine area are summarized by Nelson and Hutchings (1983)
(Fig.5.1). Briefly, permanent shelf-edge baroclinic jet-currents
exist off both capes, with net southward counter-currentsg closer
to the <coast. Further north off Table Bay and St. Helena Bay,
currents between the jet- and cotherfcurrents tend to be weak
and variable. A distinct counter-cur?ent retroflection zone
occurs off Slangkop Point on the Cape Peninsula. Intermittent
westward flow occurs over the continental slope and beyond when
the Cape Peninsula jet accelerates in response to upwelling-
inducing atmospheric events. Intrusion of warm Agulhas Current
water around Cape Point (particularly during summer), te;ds to

accentuate the shelf-edge front and its associated jet current.

The present study was formulated with the aim of identifying a
patch of newly upwelled water and monitoring it, to establish the
sequence of events which occur after upwelling. The pulsed nature
of upwelling off the Cape Peninsula should facilitate dissection
of discrete events in the upwelling procesé and the biological

consequences,.

This chapter deals primarily with physical aspects of the study:;
firstly, with the drogue movement and factors affecting it, and,
secondly, with physicél features of the water column along each

drogue track.
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TABLE 5.1: A summary of drogue and wind dynamics during the five drogue studies (A-E)
CRUISE TRACKING PERIOD DROGUE MOVEMENTS WIND (AS MEASURED ON BOARD SHIP)
DISPLACEMENT DISTANCE SPEED MEAN RUN SPEED
COVERED DIRECTION
~ DISTANCE DIRECTION HOURLY DAILY
(hours) (days) (km) (degrees)  (km) (cm.s_l) (km.d—l) (degrees)  (km) (m.s_l)
mean range range ‘ mean range

A 102 4,25 32 023 (NNE) 67 18 0-64 12.0-20.1 196 3252 7.5 1-16"
(Dec 79)

B 144 6 151 341(NNW) 200 39 0-155 23.6-51.6 190 4902 9.5 2-16
(Dec 80)

C 168 7 43 263 (WSW) 155 26 0-128 13.8-31.8 186 5334 8.8 0-20
(Feb 81)

D 167 7 45 318(NW) 123 20 0-52 13.5-21.6 166 6359 10.5 0-20
(Mar 81)

E 160 6.7 13 036 (NNE) 115 20 0-73 13.1-22.5 225 4062 7.0 0-18
(Oct 81)
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5.2 Drogue movement, wind and currents

On five occasions during the 1979/80, 1980/81 and 1981/82 upwelling
gseasons a drogue was deployed in recently upwelled water off the
Cape Peninsula within the 50 and 100 metre depth-contours between
Table Bay and Hout Bay (see Fig.4.1) in the vicinity of the

Oudekraal-Duiker Point upwelling centre.

Basic drogue movement and wind statistics are presented in Table
5.1. During each cruise (A-E), the drogue was tracked for between
6 and 7 days, except in December 1979 (Cruise A) when it was
retrieved after 4!/, days. Overall northward dispiacement varied
between 13 km NNE in October 1981 (Cruise E) and 151 km NNW in
December 1980 (Cruise B), while in Febrary 1981 (Cruise C) the
drogue ended up 43 km west of ifs position of release. Although
wind speed and directions varied widely during each cruise, mean
speeds and direction are of interest. During the first 3 cruises
(A, B and C) the wind blew from the south (186°-196°) at mean
speeds of between 7.5 and 9.5 m.s"?, During Cruise D (March
i981) the mean direction was from the southeast (166°) and the
highest mean speed (10.5 m.s"*) was observed, whereas during
Cruise E (October 1981), winds were variable but, on average blew

from the WSW (225°) at a mean speed of 7 m.s~?,

Individual drogue tracks and progressive vector diagrams (PVD)
for hourly wind measurements on board ship and at the Cape Point
and Cape Columbine lighthouses are illustrated in Figs 5.2-5.6.
Southerly to southeasterly winds predominated strongly prior to
each study and, except for in October 1981, during the first few

days after deploying the drogue. Currents, as depicted by drogue
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movement, were generally in a direction similar to the wind. 1In
a number of instances, however, current and wind directions were
not the same (see below). This supports the assumption that
windage due to the drogue superstructure was minimal. A descrip-
tion of drogue movements, in r?lation to wind, local current

patterns, etc., is presented below for each cruise.

Cruise A (Fig.5.2): Opposed drogue and wind direction was partic-
ularly apparent during December 1979. Prior to the release of the
main drogue, a trial drogué (Fig.5.2) moved steadily southwards
close to the coast, opposing southerly winds of 5-10 m.s‘:. It
appeared to be entrained in a coastal counter-current similar to
that described by Nelson (1985). However, after the main drogue
was released further offshore and norqhwards, continuous southerly
winds blew from Day 1 to Day 3 and the drogue meandered northwards,
briefly reversing on each of Days 1 and 2 (between stations 14
and 15 and between stations 17 and 19 respectively) (for detail
on wind variation refer to Fig.5.11). Thereafter (Days 4 and 5)
the drogue moved northwards then towards the northeast. The

shape of the drogue track was roughly similar to that of the

PVD of wind measured from the ship.

Cruise B (Fig.5.3): Persistent southerly winds accompanied the
fastest mean drogue épeed and greatest northward displacement
measured during the five cruises, with the drogue travelling from
the Cape Peninsula to Cape Columbine between the 100 and 200 m
isobaths in six days. The wind reversal between 10h00 and 24h00
on Day 4 did not markedly alter the course of the drogue, which
appeared to be in a jet current moving at speeds of up to 155

cm.s~* (Table 5.1). Nelson and Hutchings (1983) and Nelson (1985)
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have discussed the jet-like formation of topographically steered

currents in this zone.

Cruise C (Fig.5.4): In February 1981 strong southerly winds (mean
= 12,0 m.8"*) blew for four days., The drogue moved offshore with
the wind but changed direction on Day 4, just prior to the wind
reversal on Day 5. However, when the wind swung back to the
south on Day 6, tbe drogue continued moving southwards against
the wind. This water movement appeared to be a barotropic adjust-
ment to a change in sea level after the strong winds subsided (G.

Nelson, pers. comnn.).

Cruise D (Fig.5.5): In March 1981 the drogue was deployed in
moderate to light southerly winds and moved southwards against
the wind in a manner similar to that of the December 1979 trial
drogue described above (see Fig.5.2). At noon on Day 2, the
drogue reversed direction off Slangkop and moved offshore towards
the northwest, accompanied by strong (> 13 m.s-!) southerly
winds. The drogue reversal occurred in an area where Nelson
{1985) has described a retroflection of the inshore counter-
current. He postulated that entrainment of the counter-current
into a northward-flowing current further offshore is compen-
sation for the acceleration of the shelf-edge jet off the Cape
Peninsula. Moderate southerly winds from Day 6 onwards accompani-
ed the drogue as it meandered northwestwards until it was retrieved

on Day 8.

Cruise E (Fig.5.6): The wind at Cape Columbine, prior to the
deployment of the drogue in October 1981, was lighter and more

variable than before the other <c¢ruises (Figs 5.2-5.6). At Cape
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Point the wind pattern was similar to that in March 1981 (Cruise
D) when light, variable winds followed by two days of strong
southeasterlies preceeded the hydrobiological study. However,
when the drogue was released, the southeast wind dropped and
generally weaker and more variable winds persisted for the
duration of the study (Fig.5.6). Light S-SE winds to calm condi~-
tions prevailed on Day 1 (20 October) and the drogue moved
northwards. On Day 2 the wind reversed and blew from the north
{NE to NW) for two days at speeds of up to 13 m.s~*. The drogue
meandered in the area southwest of Robben 1Island on Day 2,
tracing two loops before moving southwards on Day 3, then westwards
against prevailing winds. On the night of Day 3-4, the wind
subsided, reversed, and moderate south to southwesterly winds
blew for the remainder of cruise, except for a calmer period on
Day 6 when lighter (mean gpeed 4.3 m.s"!) and more variable (E to
SW) winds prevailed. As can be seen in Fig.5.6, the drogue moved
northwards with the wind on Day 5, then back towards the coast
against the prevailing wind on Day 6. Fresh southwesterlies
{mean speed 8.2 m.s~"') on Day 7 accompanied the drqgue towards

the northeast.

Drogue movement during Cruise E may be interpreted in the light
of the supportive physical measurements by Holden (1981). The RY
Sardinops made daily transects across the path of the drogue and
recorded wind speed and direction (these data were similar to

those measured on RV Africana II), water column temperature and

current profiles to about 10 metres off the bottom using a Neil
Brown acoustic current meter. The north-south and east-west
components of the currents measured daily at six stations (three

on either side of the drogue) are graphically summarized in
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Fig.5.7. These data reveal a complex current structure with
permnanent northward flow above the 70 m and 180 m isobaths
(Holden 1981). Southward currents and reduced northward flow on
Days 2 and 3 were associated with the wind reversal during this
period as the resumption of southerly winds on Day 4 resulted in
the re-establishment of 8trong northerly flow. However, the
presence of a strong narrow southerly current on Day 5 is not
understood, and may have been an artefact of measurement (Holden,
pers. comm.). Nonetheless, the erratic drogue movements during
Cruise E may be explained by the drogue's location in a shear
zone between northerly and southerly currents depicted in Fig.5.7
Entrainment into either current could result in opposed drogue

and wind movement.

5.3 Physical features of the water column

5.3.1 Temperature, salinity and density

Vertical sections of temperature, salinity and density (sigma t)
along the track of each drogue are presented in Fig.5.8. Mean
temperatures in the upper 10 metres increased along the drogue
tracks, ranging‘ between 10.4-12.7°C, 11.4-14.9'C, 9.9-13.3°C,
10.2-13.7°C and between 11.8-14.7°C for Drogue tracks A-E respec-
tively. Deep water temperatures were less variable, with 8-9°C
water occuring below 40-50 metres when the sounding was less than
100 metres (Drogue tracks A and E). At soundings greater than
100 m (Drogue tracks B, C and D), this uniformly cool water was

deeper, usually below 80 m.
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Temperature and density sections show similar structure, with
isolines generally horizontal but dipping from the sea surface as
sun-warming and mixing increased surface temperatures (thereby
decreasing densities). Salinity did not appear to contribute
much to changes in density as it usually decreased slightly with
depth. However, a weak subsurface salinity maximum occurred at
some stations along Drogue tracks B, C and D (between about 20
and 50 metres) suggesting that low =gsalinity water had upwelled

and moved over more saline water.

Temperature-salinity (t/s) scatter diagrams are presented for
each cruise in Fig.5.9, and contrasted with the line PQ which is
characteristic of the t/s relationship for most of the water
{shelf and oceanic) occurring off the Cape Peninsula (Nelson
1985). Although t/s analyses in shallow ‘coastal waters do not
allow precise identification of water types, the scatter diagrams
illugtrate some interesting points. For Cruises A, C and D, the
lower temperature and salinity wvalues coincide with the PQ
line, whereas egquivalent data for Cruises B and E lie roughly
parallel to PQ but above and below it respectively, suggesting
that the salinity of the upwelled water was lower than normal
for Cruise B, whereas for Cruise E it was higher. This suggests
that the water which upwells is not necessarily uniform and perhaps
not of the same origin. The more saline water encountered along
Drogue track E (October 1981) may reflect the seasonal transition
from winter to spring, as salinities throughout the water column
in winter are higher than during the upwelling season (see Fig.27
in Andrews and Hutchings, 1980). At higher temperatures, deviation
above the original t/s slope of each cruise was clearly due to

sun-warming of surface water, The point of inflection (which
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TABLE 5.2: ‘Variation in the mean salinity of

along each drogue track

the surface to 10 m layer

ICRULSE MEAN SD RANGE DIFFERENCE % DIFFERENCE
A 34.80 .03 34.75—34.84 .09 .26
B 34.74 .07 34.60-34,80 .23 .66
C 34.84 .03 34.80-34.90 .10 .28
D 34,84 .08 34,73-35.01 .28 .80
E 35.06 .06 34.97-35.16 .10
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initiates deviation from the 1line characteristic of the cooler,
deeper water in each study), is at about 9.5°C for Cruise A, 10°C
for Cruise B, 11°C for Cruise C, 9°C for Cruise D and 11.5°C for
Cruise E. These differences suggest that the temperature of the
source water is not constant but may vary at least between 9°C and
11.5°C. It follows that the use of a specific temperature limit
to define active wupwelling (e.g. Andrews and Hutchings 1980

used temperatures of less than 10°C) may be misleading.

As salinity 1is a conservative parameter, it may be used to
investigate the physical <consistency of the water along each
drogue track (Waldron 1985). Table 5.2 shows little variation
(less than 1%) in the mean salinity of the upper 10 n layer along
each drogue track, and individual salinity wvalues at 0 m and 10 m
(Fig.5.10) also suggest that the water masses along Drogue tracks
A, B (until station 11) and C were fairly consistent. The
decrease in salinity after station 11 along Drogue track B may be
due to the entrainment of low salinity water from upwelling sites
off Yzerfontein and Cape Columbine (see Fig.5.3). During Cruise D
salinity was particularly variable after the drogue turned off
Slangkop and meandered towards the northwest (see Fig.5.7).
These abrupt changes in salinity (Fig.5.10) suggest that different
water bodies mixed 1into the original water mass; therefore
attempts to trace biological sequences along Drogue track D
should be treated with care. The gradual increases in salinity
along Drogue track E, however, may be due to gradual mixing
with more saline water and insolation-induced surface evaporation,
as the relatively strong thermocline would have prevented deep,
low salinity water from being entrained 1into the wupper layers.

Wind reversals (see Fig.5.6) and opposing currents (see Fig.5.7),
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maintained the drogue in a small area in which the salinity

changed gradually.
5.3.2 Bathythermography, wind and irradiance

Temperature and salinity characteristics of South Atlantic water
(Sverdrup et _al 1942) show that density is largely dependent on
temperature in this area. Moreover, strong temperature/density
correlations have been drawn for local waters (Fig.5.11 and Bang
1973). Therefore, temperature is considered to be a good indicator
of density and bathythermograph (BT) profiles are used to estimate
water column stability. It should be noted, however, that this
correlation may not extend into the microscale (Bang 1973,

Waldron 1985).

Difficulties are often encountered in attempts to establish the
depth of mixing in the ocean. For convenience Parsons et _al (1977)
suggest the wuse of the bottom of the main thermocline as the
lower limit of the surface mixing layer. However, even a slight
density gradient is enough to prevent mixing. Therefore, in this
study, the water column is considered to be stable if temperature

shows a noticeable decrease with depth (see Fig.5.12).

Vertical distribution of nutrient and chlorophyll a concentrations
(also partly dependent on water column structure), helped clarify
uncertainties regarding the relative stability of isothermal
parts of thé water column. For example, where obvious nutrient
or chlorophyll a gradients exist through an isothermal portion
of the water c¢olumn, it is wunlikely that active mixing was

occurring, at least not at a rate that would significantly
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influence phytoplankton distribution or growth.

Series of BT profiles (together with the depth of the 1% light
level and wind stick vector diagrams) are presented in Fig.5.12
to illustrate the structure of the water column along éach drogue
track. During Cruise E a well-developed thermocline was maintained
throughout the study. At the commencement of the other cruises,
however, only a weak thermocline existed, but in each case its

intensity increased along the drogue track.

At each station the water column was partitioned into layers based
on 1its relative stability. Although not always present, the
"gsurface mixing" layer, distinguishable by isothérmal water at
the sea surface (and also uniform depth profiles of nitrate and
chlorophyll a), wvaried in thickness to a maximum of 63 metres

(Cruise D, station 12).

The depth of the 1% light level (normally taken to be the lower
limit of the euphotic zone) varied between about 60 m and 9 m
(Fig.5.12), and was usually deeper than the surface mixing layer.
A noteable exception, however, occurred along the first half of
Drogue track C where the depth of the surface mixing layer was

sometimes more than twice that of the 1% light depth.

In most instances an isothermal lens of water was also present
close to the sea bed. This "bottom mixed" layer, was usually
20-50 metres thick but varied up to a maximum of 90 m (Cruise C,

stations 17-20),
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The layer between the surface mixing and bottom mixed layers, the
"stable” iayer, generally comprised the bulk of the water column
and was characterized by the existence of temperature (decreasing),
nutrient (increasing) or chlorophyll a (variable) gradients; the
strongest gradients usually occurred close to the surface mixing
layer (and to the 1% light depth) in the main thermocline. However,
sometimes cells of isothermal water were contained within the:
stable layer (see Fig.5.12) and were probably relics attributable
to previous upwelling and mixing events (Bang 1973). BT profiles
along Drogue track C provide an example of possible formation of
such a "relic" mixed layer in that the subsurface i;othermal
layer at stations 9 to 14 appears to have originated from surface

turbulence between stations 1 and 8.

Inspection of fhe wind stick vector diagrams together with the
BT profiles (Fig.5.12) suggests that the depth of the surface
mixing layer may be roughly related to wind speed. For example,
moderate winds (mean speed = 7.5 m.s8~*) during Cruise A were
agssociated with a relatively shallow surface mixing layer (mean
depth = 6 m, range = 0-15 m), whereas the strong winds during the
first three days of Cruise C (mean speed = 13.9 m.s~*) accompanied
a deeper surface mixing layer (mean depth = 32 m, range = 25-40
m) (Fig.5.12). However, it should be noted that the effect of
the wind is modified Dy the structure of the water column; a
weak temperature gradient being more susceptible to wind erosion

than a highly stratified one.

The direction of the wind also seemed to influence the turbulent
state of the water column along the drogue tracks. For instance,

onshore winds, which generally blow for short periods during the
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upwelling season, are leas liable to cause turbulence than
offshore winds because they tend to bring a shallow film of warm
water shorewards (Bang and Andrews 1974) thereby stabilizing the
water mass. Examples of this can be seen along Drogue tracks A
(stations 25-26), B (stations 9-10), C (stations 11-12) and E
(stations 3-4). However, when northwesterly winds persist for
more than a day (as occured on Days 4-7 along Drogue track E),

significant surface mixing can occur.

Opposing wind and current directions may also aid destabilization
of the near-surface layer. This seemed to be the case between

stations 16 and 18 along Drogue track C.

Stabilization of the cold turbulent upwelling water is undoubtedly
caused by the heating effect of the sun, either directly at the
sea surface or indirectly when warmed "older" wupwelled water
mixes with newly upwelled water. Mean temperatures along the
drogue tracks are presented 1in Fig.5.13 together with in;ident
photosynthetically active radiation (PAR), which may be considered
an index of heat input. Temperatures near the g8ea surface tend
to increase along the drogue tracks; the occasional decrease may
be due to entrainment of deeper colder water into the surface
layer, or perhaps, to slippage of water past the drogue, allowing

"younger"” upwelled water to overtake the sampling position.
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5.4 Discussion
$.4.1 Slippage and dispersion

Two problems (briefly mentioned in Chapter 3) are fundamental
to this type of study, viz. slippage and dispersion. Firstly,
glippage of the drogue through the water is a technical matter
related to the geometry of thel drogue (szee Fig.4.2). Following
Holden (1985), windage and drogue slippage were estimated by
calculating the frictional drag on both the float, above (Fw) and
below (Fs) the surface, and on the drogue itself (F4d) for which a
drag coefficient of 1.4 was used (Vachon 1980). The mean wind
speed measured during the five cruises (9 m.s8~!') and the corres-
ponding surface current speed (28 <cm.8" ') derived from the
empirical wind/surface current relationship of Pond and Pickard
(1978), were wused 1in the calculations. (The ratio, Fw/Fs,
indicated that the contribution of the drogue superstructure to
surface érag was about 35%.) Drogue slippage, estimated by
balancing the drag force of the drogue, Fd, against the combined
forces of the float (Fw and Fs), was found to be about 20% of the
mean current speed (25 cm.s~-!') during the 5 cruises. As slippage
speeds are typically 10-20% of the true water speed (Holden
1985), eatimated slippage of the drogue in the present study was

considered to be normal.

Secondly, in an attempt to ascertain to what extent the same body
of water was being followed by the drogue, and, the typical
scales involved 1in the dispersive processes operative around the

drogue, Boyd (1982) deployed s8six l-m drogues at 2, 10 and 20 m in
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the vicinity of thek main drogue on a number of occasions during
Cruise E. He found that considerable dispersion of the drogques
at different depths may be caused by shear and estimated that
particles at 9 and 11 m would have, on average, separation speeds
of 2.1 c¢cm.s™?', On the other hand, horizontal separation of
drogues at the same depth was an order of magnitude less (about
0.19 cm.s~* at 10 m,. It should be noted, however, that Boyd's
rates of "horizontal separation”™ supply only a lower limit
to the actual diffusion of particles in the water. The drogues,
being several orders of magnitude larger than the phytoplankton
cells which they were attempting ¢to track, cancelled out the
effects of diffusion on the population of particulate matter in
the water body, and, therefore, could not simulate'the effects of
diffusion. Nonetheless, Boyd concluded that the combined effects
of pair-separation and shear would rapidly destroy any horizontal
patchiness that might otherwise occur on a scale of less than a few
hundred metres. The dynamics of larger scale (5-10 km) plankton

patches, however, could not be determined in this study.

For the purposes of the hydrobiological study., however, the
effects of both dispersion and slippage will be ignored. It is
assumed that the patches into which the drogue was released,

were sufficiently large and uniform to compensate these effects.
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5.4.2 Drogue movements

Rough similarity between the wind PVDs and corresponding drogue
tracks suggest that the movement of near surface water (i.e. upper
10 m) .tended to be influenced mainly by the prevailing winds
(southerly). This is perhaps not surprising as the same larger
scale meteorological processes are responsible for both (Nelson
1985). However, detailed inspection of the data showed some
obvious deviation of the drogue tracks from the wind as measured
from the ship (see progressive and stick wvectors). Interpre-
tations based on local current patterns as described by Nelson
(1985) and Nelson and Hutchings (1983) and on actual current
measurements during Cruise E (October 1981) by Holden (1981), may
better explain the drogue movements. For <comparative purposes
the five drogue tracks are presented together in Fig.5.14, along
with the Upwelling Monitoring (UM) line of stations (Andrews and
Hutchings 1980) and a schematic diagram of currents in the area
(Nelson and Hutchings 1983). The drogue tracks, which were within
50 km from the coast, show that the path taken by upwelled water
varies somewhat from the UM line. This implies that to equate
spatial changes offshore (along the UM line) with temporal
changes (associated with phytoplankton bloom development) may be
misleading. However, drogue movements appear to be consistent

with the major current patterns associated with the study area.

During Cruise B, for example, the drogue appears to have been
entrained into a northward jet~current which is presumably part
of the Benguela current proper. On the other hand, in March 1981
(Cruise D) the drogue was deployed 1in a southerly nearshore

counter-current the existence of which has been noted on many
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occasions between Cape Columbine and Slangkop: the drogue's
sudden reversal offshore on the second day <coincided with the
Slangkop retroflection area. During Cruise C (February 1981) the
drogue reversal was reminiscent of the sudden switching of the
currents reported by Nelson (1985)‘to be a common feature of the

area; the paths of two of his radio-tracked drogues (Debbie and

Jane) showed a similar pattern in November 1978.

The meanderings of the drogue during Cruise E (October 1981) partly
result from the weaker and more variable (compared with the other
studies) winds blowing at the time. Probably more impo}tant,
however, was the presence of juxtaposed northward and southward-
flowing currents <creating a shear zone 1in the wvicinity of the
drogue, so that entrainment of the drogue 1into either current
would cause drogue movement to be 1ndependent of the wind.
Moreover, the study was conducted during the transition from
winter to spring when the increased dominahcg of southerly winds
initiates the upwelling season. The gquiescent periods and
frequent fluctuations in wind during October 1981 reflect the
less stable meterological pattern typical of seasonal transition

periods.

High frequency changes in the meteorology are more likely to be
closely reflected in the winds than by the ocean, which has far
more inertia than the atmosphere and which, at a depth of about
200 m, has been found to have a response time of approximately
four days (Nelson 1985). However, response times of currents near
the sea surface are likely to wvary with prevailing conditions
such as the slope of the sea surface, direction of wind reversal

and the extent to which the ocean has been "primed" for upwelling.
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Taunton-Clark (1985), for exanmple, reports that the sea surface
(down to about 30 m) may respond to wind events in a matter
of hours. Although prevailing winds do influence water movement
in this area, other factors also play a part in setting up
currents and thus determining drqguevmo;ements. For instance,
periodic reversals in currents 'in the Cape Columbine region
appear to be caused by coastally trapped ﬁaves moving polewards,
driven by remote forcing functions such as coastal lows, or
movements 1in the location of the South Atlantic high pressure
cell (Holden 1986, Shannon et _al 1986). Because of the unstable
meteorological and circulation patterns off the Cape Peni;sula,
simulation models by G. Nelson (pers. comm.) show that small
temporal or spatial variation in drogue deployment may result in

considerable variation in the path traced by the drogue. Results

from the present study support this view.
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CHAPTER 6: GROSS CHEMICAL AND BIOLOGICAL VARIATIONS .
ALONG THE DROGUE TRACKS

Introduction

Nutrient, chlorophyll a and oxygen distributions

6.2.1 "Bottom mixed" water
6.2.2 Hydrographic <conditions at commencement of drogue
studies

Phytoplankton bloom development in the enphotic zone

Summary
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6.1 Introduction

In this chapter, nutrient, oxygen and chlorophyll a distributions
along the tracks of the drogue are presented and discussed in
terms of phytoplankton bloom development. Factors likely to
influence phytoplankton growth (such as nutrient concentrations,
light penetration, the depth of vertical mixing and zooplankton
grazing) are critically assessed in each case, and an attempt is
made to quantify the time scales associated with bloom development,
in terms of both the build up and decline of the primary bloonm

after upwelling.

6.2 Nutrient, chlorophyll a and oxygen distributions

Vertical sections of nitrate, silicate and phosphate concentrations
along each drogue track are presented in Fig.6.1. Nitrate and
silicate concentration varied widely (from less than 1 to 26.8
and 25.1 mmol.m~3 respectively) but generally decreased in the
surface waters along the drogue tracks while high concentrations
occurred at depth. Phosphate concentrations were less variable (¢
0.3-2.8]1 mmol.m~3) but showed a similar although weaker tendency
to increase with depth and decrease along the drogue track.
Thus, the isoline structures, particularly for the nitrate and

silicate sections, were similar.

Silicate concentrations along Drogue track B were exceptionally
low:; virtually all the values above the 1 mmol.m~3 isoline

(which ranged between about 10 and 30 m after station 3) were
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Fig.6.2:
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zero. In two and a half years of monthly monitoring off the Cape
Peninsula values of zero were not reported by Andrews and Hutchings
(1980). Moreover, individual nitrate:silicate ratios below 50 m
were consistently higher (1.2-12.1) than for other cruises
(0.6-2.1, see Section 7.2). Although one is hesitant to reject
these data outright, they are treated with caution and excluded

from "typical" mean values.

Fig.6.2 shows that chlorophyll a and dissolved oxygen concentra-
tions vary widely (0-21.2 mg chll a.m~3 and 1.94-9.80 dm> oxygen
.m"%) with trends inverse to those of the nutrient concentrations
(i.e. concentrations decreased with depth and increased along the
drogue track) except that chlorophyll a concentrations along

Drogue tracks B, C and E reached a maximum and then decreased.

6.2.1 "Bottom mixed" water

Because water samples were drawn only from depths down to 100 m
or shallower, the "bottom mixed" layer, as defined from BT traces
(see Fig.5.12), was often not sampled when the water column was
deep. Along Drogue tracks A and E, however, the bottom mixed
layer was generally within the sampling range, and variations in
the parameters measured along the drogue tracks (temperature,
salinity, density, and nutrient, oxygen and chlorophyll a concen-
trations) are depicted for these two cruises in Fig.6.3. Results

for all the cruises are summarized in Table 6.1.

Temperature and salinity were generally low and did not wvary
greatly. The nutrient content of the bottom mixed layer was

always high relative to surface water (mean concentrations
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TABLE 6.1:

Mean values (and ranges) of parameters measured in the "bottom mixed" layer along the five drogue tracks, and in "upwelling" and

"oceanic" water as calculated from Andrews and Hutchings' (1980) Table 1

[DATA SET TEMPERATURE SALINITY DENSITY NITRATE SILICATE PHOSPHATE OXYGEN CHLOROPHYLL a
(°c) (sigma t) (mmol .m=3) (mmol .m™3) (mmol .@~3) (dm? .m~3) (mg.m™3)

mean (range) | mean (range) mean (range) mean (range) |mean (range) |mean (range) |mean  (range) |mean (range)

Cruise A [8.55 (8.2-8.9)]34.65 (34.65-34.70)| 26.93 (26.87-26.97)|20.4 (15.6-26.8)] 14.1 (10.3-21.3)]2.24 (1.60-2.74)|3.83 (3.41-4.12)] 1.5 (0.1-9.4)

Cruise B 9.15 (8.5-9.9)] 34.60 (34.55-34.72)|26.78 (26.63-26.86)|19.8 (10.4-25.3)] suspect data 2.13 (1.23~2.64)|4.40 (3,61-4.75)] 0.4 (0-0.7)

Cruise C [8.98 (8.7-9.2)|34.77 (34.71-34.94)]|26.95 (26.87-27.11)}21.9 (16.5-25.3){15.9 (10.0-22.9)}1.82 (1.35-2.20)|4.07 (2.77-4.82)} 0.7 (0.3-1.3)

Cruise D 9.09 (8.6-9.9)}34.74 (34.71-34.79)|26.90 (26.81-26.96){21.0 (15.4-26.0 [20.2 (11.8-25.1)}1.47 (0.44-1.12)}{3.89 (3.26-4.62)| 0.3 (0.1-0.8)

Cruise E [8.80 (8.6-9.1){34.83 (34.79-34.84)]27.01 (26.98-27.23)]20.9 (16.9-23.6)|16.4 (13.2-19.4)!1.74 (1.23-2.10)}3.82 (3.21-4.29)} 0.3 (0-1.5)

Cruises :

A - E 8.90 (8.2-9.9)|34.72 (34.55-34.94)|26.91 (26.63-27.23)|20.8 (10.4~26.8)[16.6 (5.8-25.1) {1.88 (0.44-2.74)}4.00 (2.77-4.82)] 0.6 (0-9.4)

"Upwell-

ing" Water|9.06 - 34.69 - - - 20.0 - 16.0 - 1.43 - 4.34 - 0.7 -

"Oceanic"

Water 18.8 - 34.40 - - - 0.8 - 4.67 - 0.4 - 5.57 - 0.4 -
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TABLE 6.3:

Sea surface (S) and deep (D) measurements at the first station after release of the drogue

CRUISE |DEPTHS | TEMPERATURE | SALINITY DENSITY NITRATE SILICATE PHOSPHATE CHLL a OXYGEN
S-D
(m) (°c) (sigma t) (mmol.m_3) (mmol.m-3) (mmol.m-3) (mg.m—3) (dm3.m_3)
A 0-63 10.84-8.43 | 34.75-34.66 | 26.61-26.94 | 20.7-25.7 11.6-13.4 2.29-2.23 0.1-0.1 5.12-4 .11
B 0-85 11.97-8.93 | 34.84-34.69 | 26.47-26.89 | 9.8-21.5 - 1.73-2.43 4.4-0 5.92-4.49%
C 0-80 10.00-8.72 | 34.79-34.83 | 26.79-27.03 | 18.8~21.2 14.8-15.4 2.05-1.35 1.6-0.3 5.42-4 ,26
D 0-93 10.62-8.62 { 34.75-34.71 | 26.65~26.95 | 17.6-20.8 16.6-22.5 1.13-1.83 0.9-0.1 4,28-3.45
E 0-70 12.74-8.62 | 35.01-34.81 | 26.45-27.03 | 12.7-22.5 10.3-16.0 1.27-1.54 0.7-0 4.83-4.16
* Asg oxygen was not measured at station 1, data from station 2 are presented




of nitrate and gsilicate were 20.8 mmol.m™> and 16.6 mmol.m™3
respectively) (see Fig.6.1, Table 6.1). Nutrient concentrations
varied up to two-fold during any one cruise period, reflecting
either differences in the amount of nutrient regeneration that had
occurred during the formation of the source water or, more
likely, differences in the nutrient-enrichment of source water as

it moves across the shelf (Bailey and Chapman 1985).

Variation in the oxygen concentration of bottom mixed water (mean
= 4,0 dm®.m—S, range = 2.77-4.82 dm*.m~5) may also reflect
differences in the amount of organic decomposition. It should
be noted, however, that no oxygen-deficient water (i.e. water
with less than 2 dm®.m~> dissolved oxygen) was encountered in the
bottom mixed water. In fact, only on one occasion was its
presence recorded during the five éruises; and that was an
isolated measurement at 60 m at station 21 along Drogue track D
(Table 6.2). A further eight 1low oxygen concentrations (2-3
dm*.m"3) were encountered above the bottom mixed layer or, in one
cage (C 19), just bordering it (Table 6.2). Of these samples C
13-14 and D 21-22 show that a midwater oxygen minimum sometimes
occurred. The low concentrations at C 17-2] were recorded at the
deepest depth sampled (75 m), therefore it was not possible to
ascertain whether a midwater oxygen minimum existed or not in
these cases (at E 21 the low oxygen measurement was close to the
sea bed in shallow water). Because sampling was limited to 100 m
or less, the midshelf oxygen minimum, reported close to the
bottom off the Cape Peninsula by De Decker (1970) and Andrews and
Hutchings (1980), may sometimes have gone unrecorded in the

present study.
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TABLE 6.2:

Low oxygen concentrations encountered during cruises A-E

CRUISE STATION DEPTH OXYGEN CONC. COMMENT
(m) (dm3.m-3)

C 13 3 2,71 oxygen minimum
14 50 2.13 " "
17 75 2.55 Last depth sampled
18 75 2.57 " " "
19 75 2.77 " " "
20 75 2.56 " " "

D 21 60 1.94 Oxygen minimum
22 40 2.75 " "

E 21 29 2.72 Last depth sampled




The very low chlorophyll a concentrations in the bottom mixed
layer (see Table 6.1) suggest that the decay processes respon-
gsible for the high nutrients had long since occurred. An excep-
tionally high chlorophyll a value (9.4 mg chll a.m™%) was recorded
near the sea bed along Drogue track‘A (station 26, 58 m), It is
probable that this hig@ chlorophyll a ;eésurement was due mainly
to detritus (chlorophyll a measurements were not corrected for
phaeopigments). This assumption is supported by Monteiro's (1986)
results based on the more discriminatory HPLC techniques for meas-
uring pigments. He found that such deep secondary chlorophyll a

maxima in Benguela waters are due to chlorophyll a breakdown prod-

ucts such as chlorophyllide a, phaeophorbide a and phaeophytin a.

Comparison of mean temperature, salinity and nutrient, oxygen
and chlorophyll a concentrations in the bottom mixed layers along
the five drogue tracks with mean values for "upwelling" water
from Andrews and Hutchings (1980) (see Téble 6.1), suggests
that bottom mixed water is similar to and may be representative
of upwelling source water. However, variation in nutrient concen-
trations (Fig.6.3) and ratios (see Chapter 7) in deep water
suggests that the bottom water sampled at each station was,
unlikely to be the same body of water along each drogue track.
Instead, surface water in which the drogue was suspended probably
sheared over a bottom layer of somewhat variable nutrient composit-

ion.

6.2.2 Hydrographic conditions at commencement of drogue studies

The existence of at least a weak thermocline (see Fig.5.12) at the

commencement of each study, suggests that upwelling was not
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actively occurring at the site where the drogue was deployed
(active upwelling <close to the shore can be recognized by cold.
isothermal water). Moreover, comparison of surface with deep

hydrological measurements (Table 6.3) shows that nutrient concen-
trations (nitrate and silicate in particular) were clearly lower
at the sea surface, while chlorophyll a and oxygen concentrations
were higher. This suggests that surface water had been in the
euphotic zone for at least 1long enough for photosynthesis to

reduce the nutrients and increase oxygen concentrations.

The differences between surface and deep measurements of tempera-
ture, salinity, and nitrate and silicate <concentrations (Table
6.3), suggest that the water into which the drogue was deployed
during pruises A, C and D was more recently upwelled and uniform
during Cruises B and E. Initial chlorophyll a concentrations
were correspondingly low during Cruises A, C and D, whereas at
station 1 of Cruise B surface chlorophyll a was high (4.4 mg.m™3)

in keeping with the reduced nitrate concentration.

The hydrography of the water into which the drogue was deployed
in Cruise £E is curious. A well defined thermocline (20-35 m)
separated surface from deep water; the latter, as in the other
studies, reflects the characteristics of Andrews and Hutchings'
(1980) "upwelling" water (see Table 6.1). The salinity of the
surface water, however, was 35.01, somewhat higher than that for
"upwelling" water but within the range for "mixed" water., the
characteristics of which 1ie between those of "upwelling" and
"oceanic" water (Andrews and Hutchings 1980). Perhaps the less
vigorous offshore winds (see Fig.5.6), which preceded the study.

were responsgible for "mixed" water being close to the shore.
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Moreoverf the wupwelling season (September-April) had only just
begun, and the oceanic front was not yet as firmly established as
it is 1later in the season - see Taunton-Clark's (1982) ART data
for that period. This is supported by the ¢t/s data in Fig.5.9
which show that the salinity of th? deep water (temperature less
than 11.5°C) was higher than expected wﬁeh compared with Nelson's
(1985) PQ t/s relationship. However, Fig.5.9 also shows that
salinity values greater than 35 fall either above (owing to sun
warming) or near the PQ line thus suggesting that the t/s charac-
teristics of the surface water at least were similar to those

I

recorded by Nelson (1985) for this area.

As in the other studies, nutrient and oxygen concentrations along
Drogue track E, suggest that some photosynthesis had already
occurred when the drogue was deployed. However, the very low
euphotic zone chlorophyll a concentrations (0.7-0 mg.m~ %), which
are suggestive of more newly upwelled water, may be a reflection
either of poor phytoplankton seeding or of zooplankton grazing
having prevented ;he build wup of phytoplﬁnkton stocks before

commencement of the study.

6.3 ngtoplankton bloom development in the euphotic zone

Changes in mean concentrations of nutrient, oxygen and chlorophyll
a in the euphotic zone are presented for the five drogue tracks
in Fig.6.4. In situ oxygen concentrations off the Cape Peninsula
are closely correlated with primary production during the upwelling
season (Andrews and Hutchings 1980). Consequently, comparison of
oxygen concentrations at the sea surface with ‘deep measurements

below the euphotic zone at station 1 of each cruise (Table 6.3),
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suggests that when monitoring commenced some photosynthesis had
already occurred in the upwelled water (very little in the cases
of Cruises A, D and E). Increases in oxygen and chlorophyll a
along the drogue tracks (Fig.6.4) illustrate increased primary
production and the build wup of\ phxtoplankton blooms. After
reaching a maximum, chlorophyll & concengrations decreased thus
indicating the decline of the bloom, whereas oxygen concentrations

levelled out close to saturation.

Bloom development during each cruise is assessed below in terms
of chlorophyll a concentration. Factors affecting develo;ment,
such as the depths of surface mixing and the euphotic zone,
nutrient concentrations and zooplankton grazing (as assessed from

Table 2 of Olivieri and Hutchings 1985b for Cruises B-E) are also

discussed.

Cruise A (Dec. 1979): Low wind speeds, reéulting in a stable

water column with a shallow upper mixing layer (mean depth 6 m,
range 0-15 m, see Fig.5.12) allowed rapid bhytoplankton growth
along Drogue track A. Chlorophyll a concentrations in the euphotic
zone increased from 0.18 mg.m~> on Day 1l to 19.4 mg.m~3 on Day 4
with sharp decreases in nitrate and silicate concentrations
(Fig.6.4). The euphotic zone (surface to 1% light depth) was deep
(54 m) in the cold, ciear newly upwelled water, but decreased to
11 m at the chlorophyll a peak on Day 4 (station 25). Low
nutrients at stations 25-26 were accompanied by a decrease in
chlorophyll a. However, an increase in the depth of mixing (to
15 m) at station 28 increased nutrient concentrations in the
euphotic zone, delaying the decline of the bloom, as is evident

from the renewed increase in chlorophyll a.
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ihe low concentrations of chlorophyll a and oxygen at station 13
(Ddy 1) suggest that little phytoplankton growth had occurred at
the time of drogue deployment. Consegquently the 3-day period
between stations 13 and 25 may be considered a reasonable estimate
of bloom development time after upwelling, when turbulence does not

limit primary production.

Cruise B (Dec, 1980): The upper mixing layer along the drogue

track was moderately deep on Day 2 (37-20 m) but shallowed from
Day 3 (station 5) to averagé 9.5 m (range 0-17 m) for the rgmainder
of the cruise (see Fig.5.12). The relatively high concentrations
of chlorophyll a (4.6 mg.m~ %) and oxygen (6.08 dm>.m~3) and low
nitrate (9.7 mmol.m~=) concentrations at the beginning of the
study, indicated that significant phytoplankton growth had already
occurred in the patch of upwelled water selected for monitoring.
Consequently, the build up period of the bloom cannot be estimat-
ed. Nonetheless, rapid growth, 1indicated by the sharp increase
in chlorophyll a and decrease in nitrate, culminated in a peak in
chlorophyll a on Day 3 (station 5) followed by very 1low nitrate
concentrations (0.7 mmol.m™3), The euphotic zone decreased

rapidly to a minimum at the peak of the bloom (7 m) then increased

as the bloom declined to approximately 20 m after station 9.

As the depth of mixing after the peak 1in the bloom was either
the same as or significantly shallower than the 1% light depth
(see Fig.5.12), bloom decline 1is considered to have occurred
during stable conditions and was associated with 1low nutrient
concentrations. As zooplankton grazing had a minimal effect on
the phytoplankton community (less than 2% of‘the phytoplankton

daily productivity and biomass being consumed each day), it would
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seem that bloom decline was caused by phytoplankton sinking out of
the euphotic zone. Inspection of discrete data (see Fig.6.2)
shows that chlorophyll a levelled out after station 14 to concen-
trations of between 1 and 1.9 mg.m~>, thus indicating a bloom

decline period of about 3 days. \

Cruise C (Feb. 1981): During the first half of Cruise C, the

upper mixing layer (see Fig.5.12) was relatively deep (mean 32 m,
range 25-40 m):; between 1.3 and 3.2 times as deep as the 1%
light depth (mean 14.6 m, rénge 19.0-12.5 m). The mean chlorophyll
a concentration at station 1 (1.84 mg.m~>) indicated that some
phytoplankton growth had already occurred before monitoring
commenced. However, the large increase in chlorophyll a between
stations 1 and 2 seems unrealistic as it represents 13.5 doublings
per day. The drogue may have moved into another patch, indistin-
guishable in terms of temperature, salinity (see Figs 5.8 and
5.10) and nitrate concentration but with . lower silicate and
higher chlorophyll a concentrations (Fig.6.4). Nonetheless deep
mixing appears to have prevented phytoplankton stocks in the
euphotic zone from building up to the high concentrations found
in the other four cruises, despite substantial drops in nutrients.
During this cruise, bloom development appears to have been light
limited, as deep mixing would reduce the mean 1light levels to
which phytoplankton eells were exposed. Conéequently, although
gross productivity may have been similar to that in the other
cruises, high respiration (resulting from cells spending relatively
longer periods below the compensation depth) was probably respons-

ible for the less intense bloonm.
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The time of bloom development (build up) is difficult to estimate
as some growth had already occurred when monitoring commenced,
and also because the drogue may have moved from one patch into
another (station 1 to 2). However, the build wup period was at

least 1¢/2 days and probably longer.

The water <column stabilized on Day 4 (station 9) when the drogue
reversed direction and moved south. The bloom was already
declining presumably due to 1light limitation resulting from the
combined effect of deep mixing (to 35-40 m) and shallow euphotic
zone (14-12.5 mn) at stations 6-8. Despite water column stabi-
lization and moderate nitrate and silicate concentrations,
chlorophyll a concentrations continued to decrease steadily until
Day 5. During the period of bloom decline (Days 4-5) zooplankton
consumnption of phytoplankton was estimated at less than 2% of the
phytoplankton daily productivity and biomass in the euphotic
zone, and thus its effect on bloom development was hardly signif-

icant.

A shallow upper mixing layer (mean depth 3.5 m, range 0-10m)
persisted during the second half of the cruise, with silicates
maintaining consistent <concentrations (mean 3.6 mmol.m—3),
whereas nitrates decreased from 5.9 mmol.m~3 to less than 2
mmol.m~* (Fig.6.4). Although there was no clear <chlorophyll a
peak, the decline of the bloom occurred within about 2-3 days.
The factors limiting production in the latter stages of bloom
decline are not clear, although changes in species composition

(Olivieri et _al 1985) may partially account for a change in

productivity.
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Cruise D (March 1981): Very low chlorophyll a (0.36 mg.m"3), low

oxygen (4.1 dm>.m~ %) concentrations and high nutrient concentra-
tions (20.4 mmol.m~> nitrate, and 19.6 mmol.m™S silicate) in the
euphotic zone at the commencement of monitoring, suggest that
little phytoplankton production had qccurred since the water
body had upwelled, despite the wupper mixing layer (30 m) at
station 1 being shallower than the depth of the euphotic zone (63
m). The initiation of surface stabilization at stations 2 and 3
(see Fig.5.12) was reflected by the small but definite increase in
chlorophyll a between stations 1 and 3. The subsequent decrease
in chlorophyll a and increase in nutrients at stations 4-5 (Day
2) were probably due to the entrainment of more recently upwelled
water as the drogue moved away from the coast off Slangkop (see
Fig.5.5), and not due to deep mixing as a very definite thermo-
cline (see Fig.5.12) was present. The sudden drop 1in nutrient
concentrations from station 5 to 6 (Day 2-3) with virtually no
increase in chlorophyll a, however, 1is difficult to explain,
other than that the drogue moved into a different patch of water,
which had previously been subjected to grazing or deep mixing
(this would have prevented a build up of phytoplankton but not a

decrease in nutrients).

The delay in chlorophyll a build up on Day 3 is strange particu-
larly as the euphotié zone depth was considérably greater than
the depth of mixing and grazing rates were low throughout the
study period. However, the increase in chlorophyll a on Day 4
appears to have been temporarily retarded by deep mixing down to
63 m on Day 5 (1% light depth was 26 m). A change in the chloro-
phyll a depth profiles at station 15 (Day '6) suggests that

stations 15 and 16 were in yet another patch of water. However,
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chlorophyll a2 and nutrient depth-profiles from stations 17 to 22
(Days 6-8) 1indicate that, during these two days at least, the
drogue seemed to maintain itself in a consistent patch of water
in which a rapid increase in chlorophyll a from 5.4 mg.m™S
to 16.2 mg.m~= was accompanied by a sharp drop in nutrients and a
decrease in the depth of the euphotic zone from 25 m (stations
17-18) to about 11 m (stations 19-22). The depth of mixing was
variable but unlikely to limit primary productivity significantly.
Monitoring of the water body was unfortunately stopped before a
definite chlorophyll a peak was attained. The build up period of

the final bloom was at least 2 days, probably more.

Prior to station 17 (Day 6), the water mass appeared rather
patchy. With the vigorous winds, strong upwelling and moderately
deep mixing that occurred, it is likely that the chemical changes
were caused by physical mixing and advection rather than by
biological activity. The sharp changes in salinity (Fig.5.10)
support this view.

\

Cruise E (Oct. 1981): The water column along Drogue track E was

stable with a shallow upper mixed layer (mean depth 6.3 m, range
0-15 m), and a well established thermocline was present throughout
the cruise (see Fig.5.12). At the commencement of the study
chlorophyll a concentrations were very low (0.7-0 mg.m~=) and the
euphotic zone was moderately deep (35-45 m) stretching well below
the thermocline. The overnight increase in <chlorophyll a fronm
Day 1 to 2 seemed too large to be due to phytoplankton growth
alone, and thus probably gives an underestimate of bloom build up

time (2 days).
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The peak in chlorophyll a at station 7 was accompanied by a sharp
drop in nutrients and a decrease in the euphotic zone depth to 12
m. For the two days following the peak, the euphotic zone
(10-13 m) maintained a depth similar to the depth of mixing (0-15
m), while nutrient concentrations remained low. Irregular peaks
in nutrient concentrations between stations 14 and 21 (Days 5-7)
are somewhat artificial and are attributed to the variable
euphotic zone depth (13-35 m), as the nutricline was generally
between 10 and 20 m. The bloom decline spanned 3~-4 days and was
associated with low nutrients (nitrates were consistently less
than 2 mmol.m~3), and marginally higher grazing rates (mean 5%,
range 3-11% of phytoplankton daily productivity and biomass) than

in the other cruises.

6.4 Summary

Relative to the physical characteristics (temperature and salinity)
of the deep water, the nutrient concentrations were more variable
along each drogue track. This suggests that the '"patch" of water
which the drogue was following, was shearing over a deeper layer
of variable nutrient content, as the changes were too irregular
to attribute to normal biological activity in a single water

column.

While nutrient concentrations in these wupwelling source waters
were high, phytoplankton biomass was low. High light levels at
the sea surface allowed nutrients in newly upwelled water to be
rapidly taken wup by phytoplankton so that concentrations in
surface waters were reduced to low levels after a few days once

the bloomn started.

18



TABLE 6.4:

Growth and decline cycles of phytoplankton blooms in upwelled water and a summary of conditions influencing bloom

development.
ICRUISE | BLOOM DEVELOPMENT CYCLE CONDITIONS INFLUENCING DEVELOPMENT
(days) .
growth decay total

A 3 >1 >4 Stable water column allowed rapid bloom build up; nutrient induced bloom decline delayed by
entrainment of nutrients into euphotic zone.

B >1.5 3 >4.5 Bloom peaked rapidly after deeply mixing water stabilized at station 2. Low nutrients associated
with bloom decline.

c >1.5 2-3 3.5-4.5 | Low light levels resulting from deep mixing did not prevent bloom initiation, but limited its extent
in that chlorophyll concentrations did not increase to high levels of other cruises. Limiting
factors in latter stages of bloom are not clear.

D >2 - >2 Slow build-up of phytoplankton stocks artefactual; due to water around drogue being replaced by more
recently upwelled (chlorophyll-poor) water. After station 17 bloom development was similar to that
in other stable water masses. Monitoring ceased before bloom declined.

E >2 3-4 >6 Stable water column enabled rapid bloom development. Drogue appeared to move into patch of
chlorophyll a-rich water; thus apparent 2-day build up period is probably an underestimate. Low
nutrients associated with bloom decline.

A-E 3 3-4 6-7 Estimated periods of bloom build up and decline are combined to obtain a complete bloom development

of cycle about 6-7 days.




Although a complete cycle of bloom develépment was not attained
during any one cruise, gsome idea of the variation in build-up
and decline periods was obtained by superimposing the peaks of
the five chlorophyll a curves presented in Fig.6.4. The growth
and decline cycles are summarized in Table 6.4 together with brief
comments on prevailing conditions and limiting factors. The
complete cycle of bloom development in upwelled water appeared to
be completed within 6-7 days. Chlorophyll' a increased from
concentrations of wusually less than 1 mg.m~> in upwelling water
to 10-20 mg.m~> at the peak of the bloom, then decreased to
concentrations of 1-3 mg.m~> after the bloom, when recycling of
nutrients probably maintained phytoplankton stocks at moderately
low levels. Turbulence may, of course, entrain nutrients up into

the euphotic zone and so prolong the bloomn.

It is interesting, however, that firstly, the rate of phytoplankton
consumption by zooplankton was low in these studies, and did not
account for bloom decline, and secondly that in only one of the
five cruises did light limitation due to deep mixing influence
bloom development. In this case (Cruise C) the initiation of the
bloom was not impeded, but its development was limited so that
only moderately high chloroph?ll a concentrations were attained.
It follows that high nutrient levels and a relatively stable
water column af%er upwelling are responsible for the intense
blooms of phytoplankton encountered in the Cape Peninsula upwelling
region. Conversely, however, the assgsociation of 1low nutrients
with decreasing chlorophyll a concentrations is not sufficient
evidence to attribute bloom decline to nutrient limitation of

phytoplankton productivity alone. Other processes such as sinking
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or dispersion may be important factors controlling the decline in

blooms in this area.
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CHAPTER 7: NUTRIENT RATIOS AND LIMITATION

Introduction
Nutrient atomic ratios of occurrence

Atomic ratios of nutrient utilization and oxygen and carbon
production

Nutrient limitation



7.1 Introduction

Spatial and temporal wvariability in nutrient concentrations is
large in surface waters of upwelling 'regions (see Fig.6.1).
Upwelling introduces nutrient-rich water into the euphotic zone
where phytoplankton are able to photosynthesize and thereby
remove the nitrate, silicate and phosphate salts from solution
and organically bind them. Subsequently the synthesis-regeneration
cycle is completed when these nutrients are returned to solution
through both the metabolic activities (feeding, excretion,
decomposition etc.) of the marine community and by physicochemical

dissolution processes.

According to Redfield et _al (1963), the atomic ratios of the
principal elements present in phytoplankton provide a stoichio-
metric basis for evaluating the general proportions in which
these elements may be expected to change in sea water as a result
of biological activity (i.e. photosynthesis or decomposition).

Redfield et al (1963) point out, however, that substantial
departures from these average ratios (O:C:N:P = -276:106:16:1)
may occur. Although Tett et _al (1985) express "little doubt that
this variation 1is associated in some manner with changes in the
growth rate of the algae", they maintain that phytoplankton
chemical composition <close to the Redfield ratios does not imply
near maximal growth rates as suggested by Goldman et _al (1979),

and they give examples of slow-growing phytoplankton populations

with chemical ratios similar to Redfield's.
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Fig.7.1: Vertical sections of the atomic ratios of occurrence of the major nutrients,
nitrate:phosphate (N:P), silicate: phosphate (Si:P) and nitrate:silicate (N:Si)
along Drogue tracks A-E. The chlorophyll a peak occurred at stations 25, 5, 5-6,
22 and 7 along Drogue tracks A, B, C, D and E respectively.



The present study provides an opportunity to investigate (somewhat
indirectly) the applicability of the "Redfield ratios" to coastal
upwelling surface waters as changes in nutrients and oxygen along
the drogue tracks are largely attributed to photosynthesis.
Nutrient, oxygen and carbon ratios‘of gccurrence and utilization
are presented in this chapter, and nutrieAt limitation is investi-

gated.

7.2 Nutrient atomic ratios of occurrence

Vertical sections of the atomic ratios of the major nutrients
occurring in upwelled water, i.e. NOs-N:PO4s~P (N:P), Si04-Si:P0,-P
(Si:P) and NOx-N:51i04-Si (N:Si), are presented for Drogue tracks

A-E in Fig.7.1.

At the start of each study N:P ratios ranged between about 9 and’
15, except for Cruise B when they were less than 10, As the
phytoplankton blooms developed along Drogue tfacks A, B, D and E,
ratios in surface layers decreased to between 2 and less than 1
at the peak in chlorophyll a (see Fig.6.4). During Cruise C, N:P
ratios were greater than 5 at the chlorophyll a peak (stations
5-6). However, when the water gstabilized (station 9), ratios

decreased steadily to levels of less than 1 by the end of the

study.

Si:P ratios showed similar (but not as clear) distribution
patterns as the N:P ratios along the drogue tracks, decreasing
from about 5-10 for Cruises A, C and E (7-15 *for Cruise D) to

about 1-4 at the end of the studies. Si:N ratios, however, were
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about 1-2 at the start of Drogue tracks A, C and E and decreased
to less than 1, whereas during most of Cruise D they were close

to 1 decreasing to about 0.5 towards the end of the study.

During Cruise B exceptionally low silicate concentrations (see
section 6.2 and Fig.6.1) resulted in low Si:P (up to about 5) and
high N:Si (up to 12.1) ratios. Ratios could not be calculated
for the upper 10-30 m after station 3, because silicate concentra-~
tions were zero. The abnormal ratios and unusual occurrence of
silicate concentrations of zero, suggest that the silicate data

are spurious. Thus they are excluded from further analyses.

While the N:P and Si:P ratios remained relatively constant at
depth, they changed gquite <considerably near tbe sea surface,
presumably because of differences in the uptake and regeneration
rates of these nutrients by phytoplankton. N:Si ratios were less
variable than N:P and Si:P ratios. This reflects the similar
distribution patterns and uptake rates of nitrate and silicate
as compared to phosphate (Fig.6.1). Near the sea surface,
however, the decrease in N:Si from values greater than 1 to
values less than 1 further along the drogue track, suggest that,
although nitrate was present in higher or similar concentrations
to silicate at the commencement of monitoring, it was depleted

more rapidly during phytoplankton growth.

The vertical distribution of nutrients, oxygen and chlorophyll a
(see Figs 6.1 and 6.2) suggests little phytoplankton activity below
about 50 m. Consequently, in Fig.7.2 mean nutrient ratios are
presented separately for the euphotic zone (surface to the 1%

light depth) and below 50 m, to illustrate the effects of photo-
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Fig.7.2:

EUPHOTIC ZONE

BELOW 50 METRES
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8

DAY 1

Mean atomic ratios (of occurrence) of the major nutrients (N:P, Si:P and N:Si) in
the euphotic zone and below 50 m along Drogue tracks A-E.




synthesis on relative nutrient concentrations. Ratios at the
beginning of each study (before much phytoplankton growth had
occurred) were similar to those in deep water, where N:P ranged
between 5.8 and 14.4, Si:P between 3.8 and 14.0, and N:Si between
1.0 and 2.2. These ratios reflect the wide range of proportions
in which nutrients may occur in upwelling source water. Euphotic
zone ratios generally decreased along the droéue tracks. However,
it should be borne in mind that ratios of occurrence are not
expected to reflect the Redfield ratios. Rather, Redfield et al
(1963) suggest that the ratios of change in nutrient concentration,
caused by photosynthetic activity and growth of the phytoplankton,
should be similar to the ratio of these elements present in
phytoplankton. Such changes will be addressed in the next section

(7.3).

Mean nutrient ratios of occurrence (and ranges) for each cruise
are summarized along with oxygen and chlorophyll a concentrations
in Table 17.1. Furthermore, euphotic zone ratios have been
separated into "newly upwelled" water (type 1), "mature" (type 2)
and "aged" (type 3) upwelled water categories as defined by
Barlow (1982a) in terms of temperature and nitrate concentration
(type 1 : <10°C, 15-30 mmol.m~3; type 2: 10-15°*C, 2-15 mmol.m—3;
type 3: 12-18°C, 0-2 mmol.m™3). Nutrient ratios in "newly
upwelled" water were similar to those in deep water, and decreased
progressively in types 2 and 3 water, while oxygen concentrations
(a rough index of primary productivity) usually increased (Table
7.1). However, chlorophyll a concentrations in Cruises B, D and
E decreased from type 2 to type 3 water, thus reflecting the
decline of the phytoplankton bloom in the "aged" upwelled water.

The relative decreases in N:P and N:Si ratios from type 1l to type
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TABLE 7.1: Nutrient ratios (by atoms) and concentrations of oxygen and chlorophyll a below 50 metres and in the euphotic zoue

ARAMETER | CRUTSE BELOVW 50 METRES' EUPHOTIC ZONE
NEWLY UPWELLED WATER MATURE UPWELLED WATER AGED UPWELLED WATER ALL DATA*I
- (vater. type 1) (water type 2) (vater type 3)
mean range ad m mean range sd n | mean range ad n_ | mean Tange sd n wmean
M:P A 9.1  7.3-11.5 1.26 11 9.97 7.5-13.11.86 9] 2.64 1.6-4.2 0,77 18} 0.57 0.4~ 0.7 0.08 8 5.3
B 8.9 7.5-11.1 0.93 19 9.47 - 0 1] 3.51 2.7-4.6 0.70 10| 0.69 0.3- 1.9 0.33 61 2.2
c 9.7 5.8-13.11.75 20 | 10.10 9.1-11.9 1,18 S} 2.58 1.6-4.1 0.63 31| 0.69 0.4- 1.3 0.32 12 4.7
D 12.4  9.4-14.3 1,10 19 12.01*3 8.4-15.3 2,15 12| 3.29 1.7- 4.7 0.92 17| 1.76 1.7- 1.8 0.05 2 9.6
E 11.9 10.5-146.4 1.25 17 | 12 .45 9.6-13.9 1,51 6] 5.45 3.5- 8.9 1.62 8| 2.94 .0.7— 8.0 1.31 65 6.1
(A-E) | 10.5 86 | 11.17 ) 33} 3.12 84| 1.69 148 5.7
5P A 6.3 5.0~ 8.21.0011 5.93 S.1-~ 7.1 0.58 9] 2,06 0 -3.8 0.9 18| 2.46 1.2- 4.4 1.09 8 3.7
“2 - - - - - - - - - - - - - - - - -
[ 6.7 3.8~ 9.9 1.58 20 .77 5.8-8.6 1,15 ‘5] 2.53 1.6- 5.5 0.80 31| 2.14 1.6-2.9 0.46 12 3.2
D 10.3 8.2-14.0 1.50 19 10.92.3 7.6-14.7 2.10 12 5.59 2.9-11.1 2.3 20| 7.61 3.2-11.1 4.00 H 8.9
E 9.1 6.7-10.3 1.10 17 8.98 7.5-10.0 1,01 61 5.75 3.4- 8.7 1.38 9] 6.67 2.6-14.7 2.37 66 7.1
(A-E) 8.26 67 8.66 32| 3.37 781 5.25 91 5.9
pi:s A 1.5 1.0~ 1.7 0.22 11 1.68 1.3-2.1 0.27 9{ 1.34 0.7- 2.5 0.57 17| 0.27 0.1- 0.5 0.12 8 1.4
"2 - - - - - - - - - - - - - - - - -
c 1(.5 1.0- 2.2 0.34 20 1.35 1.1-2.1 0.41 5] 1.10 ©0.3-2.1 0.38 31} 0.36 0.1- 0.8 0.22 12 1.5
D 1.2 1.0~ 1.5 0.15 19 1.09 0.9-1.2 0,08 15} 0.70 0.5-0.9 0.12 17| 0.54 0.5~ 0.6 0.03 2 1.0
E 1.3 1.0~ 1.7 0.20 17 1.40 1.0-1.6 0.23 6| 1.00 0.5-1.6 0.34 8] 0.45 0.1~ 1.0 0.14 66 0.87
(A-E) 1.4 67 1.3 35| 1.05 731 0.42 88 1.2
oxY A 3.8 3.5-4.10.18 8 4.42 3.9-5.1 0.37 9} 7.52 6.7- 8.1 0.51 18| 8.41 8.1~ 8.8 0.22 8 6.7
B 4.6 4.4~ 4.9 0.16 18 - - - o 6.97 6.6-7.2 0.23 10} 7.80 6.2- 8.9 0.42 60 7.4
[ 4.4 3.7~ 5.2 0.43 20 5.43 5.1-5.7 0.23 5{ 7.03 2.7- 7.5 0.87 31| 7.87 7.6-8.2 0.21 12 6.7
D 4.2 3.0- 4.7 0.46 19 4.17 3.3-4.6 0,29 15} 6.68 5.0- 7.6 ©0.79 20; 6.02 5.0- 7.4 1.30 5 5.4
E 3.8 3.3-4.3 0.32 16 3.96 2.94.3 0.52 6] 6.61 6.2- 7.2 0.30 9| 6.70 5.7- 7.7 0.47 64 5.9
(A-E) 4.2 81 4.38 351 1.00 88 | 7.31 ] 149 6.3
CHLL A 1.6 0.3~ 7.7 1.97 11 0.46 0.1-0.8 0.26 9] 16.77 11.3-20.8 2.91 18 [17.91 15.6-21.2 1.79 8 9.7
B 0.7 0 -3.20.76 18 0 - ] 1§ 9.59 6.1-13.0 2.8 10| 4.90 1.0-21.0 4.80 60 6.5
c 1.3 0 -5.41.3920 1.7% 0.9-2.4 0,62 4| 3.74 1.9-7.1 1.20 31| 3.64 2.5-5.8 0.96 11 5.5
D 0.7 0.2~ 2.2 0.48 19 0.56 0.1-1.1 0.29 15| 11.30 1.1-17.9 4.87 20 7.74 1.1-17.3 71.31 5 5.1
E 0.4 O -1,00.3517 .45 0 -1.4 0,57 6]12.14 6.0-15.4 3,38 9] 7.93 0 -20.7 5.64 67 6.7
(A-E) 0.7 85 0.63 35| 9.65 88 | 6.93 151 6.5

Calculated from mesn concentrations at each stationm.

2 Silicate data vere unreliable,

*~ Two data points with very low phosphate concentrations (Stat.5 10-25a) and therefore unressonably high N:P and S:P ratios have been
omitted.

+° Bigh chlorophyll a concentrations in cold water.



3 water are in agreement with the findings of Andrews and Hutchings
(1980) in that they suggest that nitrate is wused up fastest and
is thus the most 1likely of the three nutrients to limit phyto-

plankton growth in the euphotic zone.

Andrews and Hutchings (1980) used the N:Si ratio to determine the
origin of 1low oxygen water off the Cape Peninsula. Because N is
regenerated more rapidly than Si, it was proposed that low-oxygen
water with a high N:Si ratio was formed locally whereas that with
a low ratio originated from some _distant location., Examination
of the oxygen and N:Si data in the present study showed no clear
picture in this regard; even in the "low-oxygen" water along
Drogue track C (see Table 6.2), the N:Si ratio was not consistent,

ranging between 0.98 and 2.08.

7.3 Atomic ratios of nutrient utilization and oxygen and carbon

production

Changes of N, Si, 0 and C (as calculated from <chlorophyll a
measurements) relative to P are obtained for each cruise, firstly,
from the slopes of regression analyses presented in Figs 7.3-7.6
for all the data <collected for each <cruise; and, secondly,
from in situ changes in the nutrient, oxygen and chlorophyll a
content of the upper 20 m (Table 7.2) during the period prior
to the peak in integrated chlorophyll a (see Fig.6.4). The depth
of 20 m was chosen because the drogue was set at 10 m so that its
movements might, on average, represent that of the water column 10
m above and 10 m below the drogue. Moreover, 20 m usually encom-

passed most of the euphotic zone and the surface mixing layer.
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TABLE 7.2: Changes in the nutrient, oxygen and chlorophyll a content of the
"upper 20 m layer prior to the peak in chlorophyll a
CRUISE PHOSPHATE NITRATE SILICATE OXYGEN CHLL a
(station (mmol.m.z) (mmol.m-z) (mmol.m—z) (dm3.m-2) (mg.m-z)
range)
A
(13-22) 15.0 233.0 155.2 -36.0 -224.5
B
(2-5) 9.1 133.6 - -16.8 -231.2
C
(1-5) 9.5 154.3 187.8 -19.0 ~173.4
D
(1-22) 17.0 327.2 283.3 -53.5 -291.0
E
(1-8) 22.2 284.0 182.1 -47.2 -296.3




Atomic ratios of

TABLE 7.3: change for nutrients, oxygen*1 and carbon*2 (equivalent Redfield ratios
are 1:16:15:-276:~106)
DATA SET METHOD ATOMIC RATIOS OF CHANGE MEAN RATIOS
P: N Si: O 1 C P: N : S 0:¢C

Cruise A 1:14.7 9.7:-276 :-59

" B 1:13.5 - =226 :-35

" C Regression analyses 1:22.9 :16.6:-447 :-52 1:16.3:12,8:-283:-47

v D (See Figs 7.3-7.6) 1:16.2 :14.9:-266 :-51

" E : 1:14.3 :10.0:-198 :-39
Cruise A 1:15.5 :10.3:-215 :-62

" B 1:14.7 : - :-165 :-106

" c In situ changes in the upper 1:16.2 :19.8:-179 :-76 1:15.7:13.8:~206:-74

" D 20 m layer along drogue track] 1:19.2 :16.7:-281 :-71

" E (Table 7.2) 1:12.8 : 8.2:-190 :-56
Cape Peninsula:
(Andrews and Hutchings 1980)
1969-70 1:19.1 :17.5:-243 -43.2
1971-72 Regression analyses 1:19.7 :20.0:-227 - 11:20.7:18.4:254: -
1972-73 1:23.3 :17.7:-293 -
1969 (0-50m) In situ changes in the total | 1: 9.3 :11.3: - - }1:10.5:11.0: - : ~
1969 (50-100m) amount present in the coastal| 1:11.7 :10.8: - -

area from upwelling to down-
welling conditions
St. Helena Bay:
(Bailey and Chapman 1985) Regression analyses 1:13-27: -~ :-276to: -
-635

(Waldron 1985) Regression analyses 1: 9.9 : 8.7: - -
(Bailey and Chapman 1985) In situ changes 1:12.2 9.2:-118 -
Cape Columbine:
(Waldron 1985) Regression analyses 1:12 5 - -

*1

x 1.43 - 32 - 1000 = mmol.m™2

*2

ratio of 50:1.
atomic weight of carbon.

Carbon was calculated from chlorophyll a measurements
Carbon units were converted from mg.m

e

to mmol.m"

Oxggenzunits in Table 7.2 and Fig.7.5 (dm3.m~2) were converted to mmol.m™
dm? .m”

2

as follows:

Table 7.2 and Fig.7.5 using a C:chll a
by dividing by 12, the -




This approach is based on the assumption that chemical changes in
the water mass, into which the drogue was placed, were due to
phytoplankton metabolism and not due to physical factors.

The resulting atomic ratios of nutrient wutilization and oxygeﬁ
and carbon production are summarized in Table 7.3 together with
similar ratios <calculated from other Benguela data sets (Andrews
and Hutchings 1980, Bailey and Chapman 1985 and Waldron 1985).
AN:AP ratios, obtained from regression analyses in the present
study, were lower than equivalent ratios listed for the Cape
Peninsula, but higher than (or similar to) those for St Helena
Bay and Cape Columbine (Table 7.3). On the other hand, ratios
calculated from in situ changes were higher in the'drogue studies
than in the Cape Peninsula or St Helena Bay studies. However,
mean AN:aAP ratios for the drogue studies (from both regression
analyses and in situ changes) are almost identical to the equiva-
lent Redfield ratio (16:1). This suggests that, on average,
nitrogen and phosphate are taken up in similar proportions to

those in which they occur in phytoplankton.

According to Redfield et al (1963), silicon enters the biochemical
cycle in about the same proportion as nitrogen, the atomic ratio
of change of ASi: AP being approximately 15:1 (Richards 1958).
Ratios calculated from the drogue studies ranged between 8.2:1 and
19.8:1, the mean ratios for in gitu changes (13.8:1) and regression
analyses (12.8:1) being similar to but slightly lower than the
Redfield ratio of 15:1. ASi:aAP ratios for the Cape Peninsula
(including this study) were generally higher +than for the St
Helena Bay/Cape Columbine area (Table 7.3), thus suggesting

that the rate of silicate utilization relative to phosphate was
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higher off the Cape Peninsula than fufther north. This may have
some implications regarding the taxonomic <composition of the
phytoplankton in these areas as only certain taxa (mostly diatoms)
require silicate. It follows that variation in ASi:aAN amongst
the five drogue sgtudies <could also reflect differences in the
phytoplankton composition. Thus diatoms might be expected to be
more prominent in the phytoplankton populations along Drogue
tracks A and E than during the other «cruises. Phytoplankton
samples concentrated on 37um mesh appeared to be completely
dominated by diatom species for all the cruises. Unfortunately,
however, poor preservation of phytoplankton bottle samples
(Olivieri et al 1985) precluded an investigation of many of the
smaller taxa which are independent of silicon. Particle spectra
suggest that significant biomass of smaller <cells occurred only
during Cruise D (March 1981). However} the fact that ASi:AP ratios
for this cruise were second highest (Table 7.3), suggests that

these small cells were probably also diatoms.

Oxygen and organic carbon are produced during photosynthesis (the
atomic ratios of change of AO: AP and AC:AP are thus negative),
In the drogue studies the mean atomic ratio of change of oxygen to
phosphate (AO0:AP) obtained from regression analyses (-283:1),
is wvery similar to the Redfield ratio (-276:1). Individual
ratios, however, vary more widely than do Andrews and Hutchings'
({1980) values for the Cape Peninsula and are lower than those for
St Helena Bay (Table 7.3). Ratios calculated from in situ changes
along the drogue tracks were generally lower (mean AQ:AP=-206:1)
than regression ratios, but not as low as the values for St Helena
Bay. It should be noted, however, that the latter were re-

generation ratios based on phytoplankton decomposition and were
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calculated using values of apparent oxygen wutilization rather
than dissolved oxygen <concentrations (see Bailey and Chapman

1985).

Carbon to phosphate ratios of change (AC:AP) were calculated from
changes in chlorophyll a wusing a carbon:chlorophyll a ratio
of 50:1 as was- found to be appropriate in a similar study off
Peru (Ryther et _al 1971) and similar to the ratio (56:1) reported
by Bailey and Chapman (1985) for St Helena Bay. AC: AP obtained
from regression analyses are consistently lower (-35:1 to -59:1)
than those calculated from in gitu changes (-55:1 to -106:1),

while both are lower than the Redfield ratio (-106:1).

In summary, the mean atomic ratios of change measured here (Table
7.3) were similar to the Redfield ratios, except fof AC:AP which
was considerably 1lower. This may be related to the choice of
carbon:chlorophyll a ratio used to convert chlorophyll a values to
carbon (refer to Banse 1977 for a review of the problems associated
with the determination of C:thorophyll a ratios of natural
phytoplankton). That Andrews and Hutchings (1980) found consi-
derable variation in the carbon:chlorophyll a ratio (30:1 to
211:1) off the Cape Peninsula, suggests that the general applica-
tion of a single ratio is probably not realistic. Anyway., it is
more likely that losses to the phytoplankton population (resulting
from processes such as zooplankton grazing, cells sinking out of
the upper 20 m, dispersion, etc.), would have been more influential

in biasing the AC:AP ratio in the present study.
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7.4 Nutrient limitation

Potential nutrient limitation of primary production may be
agsgessed in wvarious ways:; quasi-directly by examining temporal
changes in nutrients along the drogue tracks (e.g. Fig.6.4), or
indirectly by‘plotting one nutrient against another (Figs 7.3, 7.4
and 7.7) and estimating from their relative <changes which is
likely to be depleted first. The slopes and axis intercepts of
the regression lines in Figs 7.3 and 7.4 strongly suggest that
both nitrate and gsilicate are not only taken up more rapidly than
phosphate, but are also exhausted first, and thus are more likely

to limit phytoplankton growth than phosphate is.

The relative depletion of nitrate and silicate, however, is not
8o clear. The ratios of wutilization of nitrate relative to
silicate, reflected in the slopes of the regression lines (Fig.7.7)
and in situ changes (see Table 7.2) are summarized in Table 7.4,
Except for Cruise C (in situ changes), aAN:aASi ratio was greater
than 1. This suggests that nitrate was generally wused at a
faster rate than silicate. Although close to zero, the Y-inter-
cepts of the N/Si regression lines (Fig.7.7 and Table 7.4) for
Cruises A, C and D were positive, whereas for Cruise E the
intercept was negative. This suggests that nitrate was limiting
only during Cruise E, while for the other cruises silicate was.
Closer inspection of the =scatter diagrams themselves (Fig.7.7),
however, showed that at low concentrations the linear regression
lines (for Cruises C and D in particular) did not reflect data
distribution; silicate <concentrations did not drop as low as
nitrate concentrations. This was also reflected in Fig.6.4 where

mean nitrate concentrations in the euphotic zone dropped to lower
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TABLE 7.4: Atomic ratios of utilization of nitrate relative to silicate
(AN: AS8i) as estimated from in situ changes along the drogue
tracks (Table 7.3) and from regression analyses (Fig.7.7). The
Y-intercept for each regression is also listed with the
corresponding potentially limiting nutrient

CRUISE A N:S ] Y-~INTERCEPT {POTENTIALLY LIMITING

From in situ From regression NUTRIENT
changes analyses
A 1.50 1.51 +0,18 Silicate*
c 0.82 1.38 +1.03 Silicate*
D 1.15 1.09 +0,79 Silicate¥
E 1.56 1.43 -1.89 Nitrate

* Non-linearity at low concentrations suggests that silicate seldom runs out

first




TABLE 7.5:

Nutrient concentrations and daily rates of utilization in the upper 20 metres, and the time in

which nutrient depletion would occur when calculated using the mean rate of utilization on Days 1

and 2
CRUISE [ DAY STATION| NUTRIENT CONCENTRATION AT RATE OF NUTRIENT UTILIZATION | TIME CALCULATED FOR NUTRIENT
NUMBER | RANGE BEGINNING OF STATION RANGE DEPLETION
(mmol.m_3) (mmol.m-3.day—1) (days)
nitrate silicate phosphate| nitrate silicate phosphate | nitrate silicate phosphate
A ]l 13-17 18.4 11.4 2.12 4.9 3.0 0.52 3.75 3.80 4.08
2 17-21 13.5 8.4 1.61 5.2 3.4 0.20 2.60 2.47 8.00
3 21-25 8.3 5.0 1.37 3.8 -0.8 0.10 2.18 - 14.00
4 25 4.5 5.8 1.31 - - - - - -
B |2 2-5 9.7 - 1.47 6.7 - 0.45 1.45 - 3.20
3 3.0 - 1.02 - - - . - - -
C 1 1-4 17.6 14.8 1.85 . 8.7 0.18 2.9 1.70 10.20
4-7 11.6 6.1 1.67 .7 3.2 0.32 2.47 1.92 5.20
3 7 6.9 2.9 1.35 - - - ~ - -
D jl1-2 1-7 19.8 18.4 1.95 3.1 3.5 0.40 6.41 5.23 4.87
3 7 13.6 11.4 1.16 - - - - - -
E |1 1-4 15.5 12.1 1.56 2.4 4.0 0.53 6.58 3.06 2.94
2 4-7 13.2 8.1 1.03 .0 . 0.21 1.47 1.66 4.90
3 7-10 4.2 3.2 0.82 2,7 1.2 0.57 1.59 2.74 1.44
4 10 1.6 2.0 0.25 - - - - - -




levels than silicate (except for Cruise C).

Using a more direct approach of assessing possible nutrient
limitation, in situ changes 1in nutrient concentrations were
examined. In Table 7.5 mean concentrations and rates of utili-
zation of nitrate, siliéate and phosphate in the upper 20 m layer
along each drogue track, are presented on a daily basis until the
peak in chlorophyll a. While the rate of phosphate utilization
was much lower than that of nitrate or silicate, nitrate util-
ization was usually faster (6 times out of 9) than that of
gsilicate. These data were used to <calculate the number of days
required for each nutrient to be exhausted (assuming new nutrients
are not entrained into the water body and that the rates of
nutrient wutilization remained <constant), thereby effectively
normalizing the 1initial concentrations of nutrients. It 1is
interesting that, using this method to assess potential nutrient
limitation (Table 7.5), silicate would have been exhausted
before nitrate on 6 out of 8 occasions (on one occasion exhaustion
times were equal). Thus, although the rate of nitrate uptake was
usually faster than that of silicate, the calculated exhaustion
of silicate was sooner because of relatively low initial silicate

concentrations (Table 7.5).

Of interest on Day 3 of Cruise E, was the fact that the period
calculated for the exhaustion of phosphate was marginally shorter
than that for nitrate. However, because phosphate is known to
be rapidly regenerated (Grill and Richards 1974), it is unlikely

that phosphate limitation would occur in nature.
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Because monitoring of the upwelled water started at different
stages of bloom development on each cruise, nutrient depletion
times were also calculated for upwelling source water, for which
nutrient concentrations in the bottom mixed layer (see Table 6.1)
are assumed to be representative, Mean nutrient depletion times
after upwelling were calculated to be 3.8 days (range = 2.3-5.7
days) for silicate, 4.1 days (range = 2-5.2 days) for nitrate and
5.5 days (range = 1,3-8.0 days) for phosphates. It follows that
3.8 days represents the average period available for phytoplankton
bloom development, assuming there 1is no lag 1in the onset of
growth (Barber et al 1971). This is consistent with the actual
growth (3 days) and decline (3-4 days) periods of phytoplankton
blooms, estimated from changes in chlorophyll a during the £ive
drogue studies (see Tablé 6.4). The mean nutrient depletion
times also suggest that silicate is potentially likely to limit

diatom production more often than nitrate.

Comparison of the predicted times of nutrient depletion (Table
7.5) with actual measurements in the euphotic zone (Figs 6.1 and
6.4), shows, firstly, that nutrients were not completely depleted
in the short periods predicted, and, secondly, that nitrate
concentrations, contrary to the above predictions, were reduced
to lower concentrations than were silicates. During Cruise B,
however, Barlow (1984b) demonstrated increased uptake of carbon
into protein when the nutrient supply was low. Such preferential
protein synthesis may cause a change in the relative uptake rates
of nitrate and silicate under nutrient stress, and thus could be
responsible for nitrates wusually reaching undetectable levels
before silicates. Moreover, it should be borne in mind that the

approach taken in this study is based on the assumption that
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nutrient-uptake kineticé (reviewed by Parsons et al 1984) for
different nutrients and phytoplankton species are similar, and
that nutrient-limitation sets in at threshold concentrations
of zero. Variation in such factors, together with the possibil-
ity of nutrient requirements being met by internal reserves within
phytoplankton cells, may complicate the issue (see Brown and
Field 1986). However, the calculations made in tﬁis study are
considered to be useful as an indication of where to direct more

detailed studies on the limiting effects of low nutrients.

Nutrient regeneration and input of new nutrients by mixing may
also occur and prolong growth. Phosphate regeneration is known
to be rapid, e.g. Harrison (1983) reports mean turnover times of
2.8 days in coastal waters. Thus it is not surprising that large
fluctuations in phosphate concentration were not apparent along
the drogue tracks (Fig.6.4) particularly after the peak in
chlorophyll a when phosphate concentrations appeared to be in a
state of dynamic equilibrium. Nitrates were rapidly depleted,
,but, as regenerated nitrogen (ammonia and urea) was not measured,
nitrogen depletion per se was probably overestimated (see Probyn
1985, Brown and Field 1986). Silicon regeneration, however, is
slower than that of nitrogen (Dugdale 1972) and may not occur in
the short time scale of a drogue study. Thus the possibility of
silicon limitation in the southern Benguela, particularly in the
present studies which appeared to be dominated by diatoms (Olivieri
et al 1985), should not be disregarded purely on the grounds that

nitrate concentrations were reduced more than those of silicate.
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8.1 Introduction

Quantitative ecosystem studies require estimates of the standing
stocks (biomass) and yield (production) of the primary producers
which form the supporting base of most food webs. However,
problems associated with such estimates in the marine pelagic
environment are numerous, and range from practical considerations
involving technique details to more theoretical aspects of the
methodology such as the interpretation of measurements and their
relevance to plant production and ecosystem models (Hobson et al
1976, Holm-Hansen 1974, Kremer and Nixon 1978, Harris 1978, 1980

and 1984, Morris 1980, Peterson 1980, Tilzer 1984 and others).

Current methods of estimating phytoplankton biomass (Strickland
1960, Strathman 1967, Gillbricht 1969, Vollenweider 1969, Halle-
graeff 1977, Sournia 1978, Harris 1984 and others) include
the examination qf particulate matter (directly with the aid of
microscopes, or indirectly using particle counters and sizers) to
obtain cell or particle numbers and volumes. Chemical techniques
are also used to estimate biomass in terms of the carbon, nitrogen,
phosphorus, sulphur and c¢hlorophyll a (most commonly wused)

content of the particulate matter.

Phytoplankton productivity and growth are notoriously difficult
to measure and interpret realistically (Peterson 1980). Thus at
the outset it i8 necessary to establish what is meant by these
concepts. There appears +to be no rigid distinction in the

literature between the terms "production" and "productivity".
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However, to avoid confusion, their usage here will be acéording
to the definitions of Strickland (1960). Primary productivity is
the rate of autosynthesis of organic material by phytoplankton:
gross primary productivity being the increase in plant material
before any corrections for respiration or excretion are made,
whereas net primary productivity includes these corrections but
is not corrected for losses due to death, predation, etc. Unless
specified, "productivity" will refer to net primary productivity.
Strickland (1960) reserves the term "net production rate" to
describe the rate of production of phytoplankton wunder the

influence of all environmental factors and so includes losses by

death, predation, etc. Net production thus appears to be equival-
ent to what Harris (1984) terms "population growth", which may be
mneasured from in situ changes in phytoplankton biomass. Growth
rates thus obtained may show differences depending 6h which
measure of biomass is used. Productivity, on the other hand, is
usually measured as photosynthetic carbon fixation or oxygen
released in bottle experiments (i.e. it is a rate measured by the
flux of elements), but may also \be measured by the rate of
increase in phytoplankton biomass in enclosed water samples (as

long as predation has been eliminated).

In the present series of drogue studies the growth of phytoplankton
populations (i.e. net production) in upwelled water was monitored
in terms of chlorophyll a (see Chapter 6) and particulate volume
(Olivieri et _al 1985), while phytoplankton 14C-uptake productivity
measurements were conducted usually twice daily. The focus of
thias chapter 1is on the assessment of these productivity measure-
ments. Although most commonly used for assessing productivity,

14C-uptake has been severely criticised because of uncertainty
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regarding its interpretation (Strickland 1960, Cassie 1962, Lean
and Burnison 1979, Peterson 1980). Rates of organic productivity
estimated from such measurements are sometimes regarded as an
index of primary productivity and not as an absolute value.
Consequently in addition to the 14C-uptake "light bottle, dark

bottle" experiments, two completely different methods were

employed to assess productivity.

Firstly, bottle experiments measuring the increase in particle
volume in water samples from the 100% and 50% light depths
(Cruises B-D) and from the 100%, 50% and 1% light depths (Cruise
E) were conducted daily (Olivieri and Hutchings 1985a). Where 1%
measurements were not made, the increase in particle volume at
the 1% 1light depth was assumed to be zero for calculating depth-
integrated estimates of productivity. Particle volume productivity
estimates, as presented by Olivieri and Hutchings (1985a) in their

Tables 1-4 for Cruises B-E, are reinterpreted in this report.

Secondly, primary productivity was calculated (gsing Redfield
ratios) from changes in the nutrient and oxygen content of the
water masses which the drogue followed (see Section 8.3). This
approach is based on the assumption that decreases in nutrients
and increases in oxygen in the water column at the drogue are
golely a result of autotrophic activity, and that changes in N,
Si, P and O occurred in roughly the same proportions as they are

reported to occur in phytoplankton (Redfield et al 1963).

In this <chapter the various productivity estimates are compared
with each other and with in_ gitu net production (phytoplankton

growth) as reflected by the observed biomass changes along each
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drogue track. An attempt is made to account for the differences

and to examine the factors influencing production.

8.2 14C—uptake measurements

Detail on the procedures used in 14C-uptake experiments may be
found in Chapter 4. However, 14C-uptake was normally measured at
and above the 1% light-depth, which is assumed to be the base of
the euphotic zone. Extra measurements below this depth along
Drogue track E indicate that very little production did, in“fact,
occur below the 1% 1light 1level. Consequently productivity
measurements integrated between the sea-surface and the 1% light
level are considered to be representative of thg total productivity
occurring in the water column. On occasion, however, relatively
high uptake rates were recorded at the 1% light depths, possibly
because of the underestimation of the 1% light depth itself. 1In
these cases column or depth-integrated productivity (i.e. per m2)
was calculated by extrapolating the productivity-depth profile to

zero on the productivity axis, and integrating productivity to

the corresponding depth.
8.2.1 Hourly productivity rates

Vertical sections of hourly estimates of primary productivity,
obtained from short-term (3-4.5 h) 4in situ measurements of
14C-uptake along each drogue track, are presented in Fig.8.1,
with the maximum rates for each cruise summarised in Table 8.1.
14C—uptake was not measured on Day 1 of Crfuise A, however,

productivity rates on Day 2 (station 16) were low (10-14 mg
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4
C-uptake measured during each cruise

TABLE 8.1: Maximum hourly rates of
CRUISE |DAY | STATION DISCRETE MEASUREMENTS INTEGRATED MEASUREMENTS
Depth Light-depth Productivity Productivity
(m) (%) (mgC.m—3.h_l) (mgC.m—z.hcl)
A |5 29 2 50% 155.2 -
28 - - - 753
B 2 5 3 10% 137.4*1 1 144
c 4 11 4 25% 82.3 577
D 7 19 3 25% 121.4 717
E |2 4 5 10% 152 2% 1 465

xt No measurements for 50% or 25% light-depths

«2 No measurements for 25% light-depth




C.m~3.h-! in the upper euphotic zone), then increased rapidly to
subsurface maxima of 144 and 155 mg C.m~3.h~! on Days 4 and
5 respectively. Productivity estimates during Cruise B increased
rapidly along the drogue track from about 19 mg C.m~5.h~! on Day
2 (station 2) to peak at 137 mg C.m~>.h~! on Day 3 (station 5),
then decreased and levelled out at about 10 mg C.m~3.h~! over
Days 5-7. During Cruise C, the drogue moved from a patch of
chlorophyll-poor water with a low productivity rate (less than 10
mg C.mn~*.h~*) on Day 1, into a patch richer in chlorophyll a on Day
2. Over Days 2-5 the rate of maximum productivity ranged between
40 and 82 mg C.n"®.h~*, then decreased to about 11-21 mg C.m~3,h"?
on Days 6-8. During Cruise D the euphotic zone was deep, and
productivity rates were low (7-14 mng C.m~3.h~!) on Days 1-3,
but increased slowly on Days 4-6 (16-62 mg C.m"3.h-%*) as the
euphotic zone shallowed, then rapidly to a maximum of 121 mg
C.m~3.,h-* at station 19 on Day 7. During Cruise E the rate of
productivity increased rapidly from about 13 mg C.m~3.h~! on Day
1l to 152 mg C.m~3.h~* at station 4 on Day 2, then decreasged

slowly to about 10 mg C.m-3.h-1 on Day 7.

The changes in productivity rates along the five drogue tracks
roughly reflected chlorophyll a distribution near the sea surface
(see Figs 6.2 and 6.4), thus suggesting that the rate of produc-
tivity was a function of biomass. Maximum discrete productivity
rates (i.e. per m3) ranged between 82.3 (Cruise C) and 155.2
(Cruise A) mg C.m~3.h~*, and occurred relatively near the sea

surface (2-5 m) at light penetration depths of 10-50%.

Depth~integrated (column) productivity (Fig.B.2) was less variable

than discrete measurements as increases in productivity near the
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gsea surface were partly ﬁempered by reduced euphotic zone depths
due to self-shading. However, trends were similar to those for
discrete productivity (Table 8.1) with maximum rates of column
productivity generally occurring at the same stations as the
discrete maxima. Column productivity ranged between 577 (Cruise
D) and 1465 (Cruise E) mg C.m~2.h"*, The lowest rates (27-54 mg
C.m~2,h"*) were recorded in very recently upwelled water before

the main drogue was released during Cruise A,

Fig.B8.2 also shows that most production occurred above 20 m; in
fact, in highly productive waters the euphotic layer was often
limited to the upper 10 m. Differences in hourly productivity
rates measured during morning and noon incubations (Fig.8.2),
indicate diel wvariation in production, morning rates usually
being faster than those in the afternoon (except ‘for Cruise D
when afternoon rates were faster on 4 out of 7 occasions). The
different patterns of productivity occurring during the five
cruises may be related to the gtability of the water c¢olumn and
the availablility of light and nutrients; this will be discussed

in Section 8.5.

8.2.2 Daily productivity rates

The estimation of daily productivity from 14C-uptake experiments
ig difficult for various reasons. For example, the limitations
of enclosing water samples in bottles (Venrick et _al 1977) are
compounded for long-term (24-h) incubations (Vollenweider 1969)
while the accuracy of converting hourly productivity rates
(obtained from short-term experiments) into daily rates is reduced

mainly by unpredictable diel variations in phytoplankton product-
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ivity (Brown and Field 1985 and Fig.8.2). Moreover, different
methods of calculation give different estimates of daily product-

ivity (Brown 1983).

Ideally, daily productivity should be calculated by summing a
series of short-term experiments spanning the whole 24-h period.
The labour- and time-consuming practicalities of such an approach
precluded its use in the present study. As a compromise, two
short-term incubations (totalling 8-9 hours of the daylight
period, 6-7 hours for Cruise A) were conducted over the middle of

the day as recommended by Brown and Field (1985).

Daily productivity was <calculated for each experiment using 3

methods, viz.

(i) the "time factor" and
(ii) the "light factor" methods (Vollenweider 1969) and
(iii) the in gitu production versus light (P vs I) model of

Wulff and Larsson (1982).

In methods (i) and (ii) the production measurement was multiplied
by a "time factor" (duration of daylight divided by duration of
experiment) or by a "light factor" (total irradiance per day
divided by irradiance during the exposure time) respectively.
Daylight duration was taken to be the number of hours for which

light was recorded, minus 2.

Method (iii) was based on Fee's (1973) P vs I model for calculating
daily productivity, except that water samples from the 100%, 50%,

25%, 10% and 1% light depths were incubated in sgsitu. The model
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(illustrated in Fig.8.3) uses three sets of data:

(a) in situ productivity rates in the euphotic 2zone (Fig.8.1)

(b) % light penetration at the depths where production
was measured, and

(c) hourly integrals of light incident on the sea surface

(see Fig.5.13).

Ambient light at each incubation depth (d) was calculated for each
hour of the day using data sets (b) and (c). The corresponding
productivity estimates were read off a P vs I curve (e) constructed
from data sets (a) and (b), and summed to give a measure of
daily productivity at each depth. In turn, these data were depth
integrated to obtain total daily productivity in the water column

(£).

Daily productivity estimates for methods (i), (ii) and (iii) were
corrected for loss of organic carbon resulting from phytoplankton
respiration during the night. ., Because 14C—uptake is thought to
represent something between net and gross productivity, no
correction was made for day-time respiration. Night-time

respiration was calculated by multiplying hourly respiration
(assumed to be 10% of hourly productivity) by the number of night
hours (i.e. the number of hour intervals for which no light was

recorded, plus 2).

Depth-integrated daily productivity (calculated for each station
at which 14C—uptake measurements were made) are summarized in
Table 8.2. Daily productivity rates were lowest (0.20-0.88 g

C.m~%2.,d"!') in the very recently upwelled water prior to the release
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TABLE 8.2: Daily productivity estimates (g c.m2.471) from 4-hour 14C—uptake experiments for the
morning and noon stations. Daily rates were calculated using the "time—factor" (tf), "light
factor" (1f) and "P vs I model" (m) methods (see text)

Cruise A Cruise B Cruise C Cruise D Cruise E

Day | Time | tf 1f m tf 1f m tf 1f m tf 1f m tf C1f m

1 Morn., | - - -~ - - - - - - 1.68 1.05 1.26 1.52 1.22 1.27

Noon | - - - - - - 1.31 2.24 1.56 §2.46 2,73 2.24} - - -
2 Morn. | 3.89 2.43 0.84} 2.71 1.96 2.09(5.12 3.53 4,28 1.45 0.94 1.03! 14.04 9.40 7.50
Noon | 6.62 4.21 1.03| - - - 4,55 5,88 4.,70(1.32 1.44 1.15§ - - -
3 Morn. | 6.88 4.17 4.74) 12.22 8.44 10.32 ] - - - 4,46 2.87 3.30| 6.26 4.60 4.06
Noon | 6.19 7.46 6.25) 3.01 6.25 3.85}5.20 6.16 4.9213.65 4.48 3.35| 5.30 6.85 3.82
4 Morn. { 8.56 5.29 6.10| 6.21 4.36 5.36| - - - 3.30 2.13 2.38}10.25 6.48 5.82
Noon | 6.38 6.90 5.96| 2.73 4.82 2,62)4.12 4.80 3.87|6.01 7.08 5.55i 4.22 6.52 3.42
5 Morn. | 8.84 5.47 6.68| 2,01 1.54 1.71}|6.,16 4.09 4.77 {4.47 2.76 3.09| 2.21 1.27 1.33
Noon | 7.50 6.77 6.30| 1.53 2.29 1.57}1.97 2.21 1.47 {6.13 7.11 5.66| 5.10 9.04 4.15
6 Morn., | — - - 1.68 1.19 1.51]2.43 1,70 1.91|2.08 1.71 1.81 9.93 6.47 6.35
Noon | - - - 1.77 2.85 1.81}1.37 1.55 1.30 (3.81 7.03 5.56 2,30 2.30 1.98
7 Morn. | - - - 2.08 1.45 2.22]2.56 1.57 2.03 |6.86 4.73 5.43 | 2.41 1,38 1.43
Noon |- - - 1.36 2,29 1.53{2.50 3.39 2.51)5.98 10.63 7.09| 1.79 2.65 1.75
8 Morn |- - - - - - 2.16 1.31 1.46 |- - - - - -
Noon - - - - - - - - - - - - - - -




of the main drogue in Cruise A (not 1listed), but much higher in
the maturer upwelled water along Drogue tracks A-E where estimates

ranged from 0.84 to 14.02 g C.m~2.,4"?,

The diel variation evident in hourly productivity rates (Fig.8.2)
is reflected in different daily estimates for morning and afternoon
incubations (Table 8.2). The "time factor"™ method usually yielded
higher estimates of daily productivity for morning incubations
(i.e. for 18 out of 25 pairs of measurements), whereas daily
estimates using the "light factor" method were usually higher for
afternoon measurements (21 out of 25 times). Results from the

P vs I model were higher for afternoon incubations on 14 occasions.
The "light factor" method and P vs I model compensate for variable
light intensity in different ways. The "light factor" method
assumes productivity to be directly proportional to incident
light, and therefore may over-compensate for light variations.
The P vs I model takes photo-inhibition into account, and thus
may give a more realistic estimate of daily productivity. To
minimize the effect of diel wvariation on {4C—uptake derived
estimates of daily productivity along the drogue tracks, the mean
of each set of morning and afternoon daily estimates is used in a

comparison with independently derived estimates (see Sections

8.3 and 8.4).
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8.3 Productivity estimates from Jin gitu changes in nutrients and

oxygen (Redfield productivity)

Along each drogue track large changes in the chemical properties
associated with primary productivity occurred in the euphotic
zone, i.e. oxygen concentrations increased and nutrient concen-
trations decreased (see Fig.6.4). Following Ryther et al (1971)
and Herbland et al (1973), cumulative changes in nitrates,
silicates, phosphates and oxygen were assumed to be roughly
proportional to the organic matter produced during each study
period. Because the depth of the euphotic zone (as estimated
from the 1% light-depth) varied (7-63 m, mean 22.4 n), chemicai
changes in the upper 20 m layer were used in_subsequent productiv-
ity calculations, because 0-20 m usually encompassed most of the
euphotic zone and surface mixing l§yer (Figs 5.12 and 8.2), and

the centre point of the drogue was set at 10 m.

Although it was tempting to use a deeper surface layer (e.g. 0-50
m) so as to be certain of incorporating all the effects of‘
autotrophic activity (especially when deep mixing occurred as in
Cruises B, C and D), inspection of the data showed that variability
in the chemistry of the deep water sometimes precluded its
incorporation into the the productivity <calculations. Nelson
(SFRI, pers. comm.) considers that during upwelling a relatively
thin layer, a few metres to perhaps tens of metres thick, of
surface water shears over the deeper layers with subsequent
entrainment of variable concentrations of nutrients (see Fig.6.3

and Table 6.1).
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Fig.8.4: Redfield productivity (g C.m™ %) estimated from changes
in the nutrient (nitrate, silicate and phosphate) and
oxygen content of the upper 20 m layer along Drogue
tracks A-E.



Differences between the initial nutrient and oxygen values
(i.e. at the first station) and those observed at each successive
station were converted into egquivalent organic carbon (g C.m"2)
as follows:
\

mmol NOzs-N .m~2 x (106/16) x 12/ 1000 for nitrate changes,

mmol S5i04-Si .m~*% x (106/15) x 12 / 1000 for silicate changes,

mmol PO4-P .m~* x (106/1) x 12 / 1000 for phosphate changes and

dm® 02 .m~"2 x 1.43 / 32 x 2 x (106/276) % 12 for oxygen changes.

Such conversions are based on the assumption that elements are
taken up (or produced) in the same ratios (by atoms) as occur
in phytoplénkton (Flemming 1940, Richards 1958, Redfield et al
1963) i.e. O:C:N:5i:P = -276:106:16:15:1. Mmoles of N, S§i, P.and
O were multiplied by the. appropriate Redfield ratio (to get
mmol. C), then by 12, the atomic weight of carbon (to get mg C),
then divided by 1000 (to get g C). Oxygen measurements (4dm®) were
first multiplied by 1.43 (to get mg): then divided by 32, the
molecular weight of oxygen, and multiplied by 2, the number of
atoms per molecule (to get mmol.oxygen), before being converted
to carbon units. In each case, the carbon thus estimated (hence-
forth referred to as Redfield productivity) was added to that
initially observed at the first station to produce the cumulative
total (the initial caébon value was calculated‘from chlorophyll a
measurements using a carbon:chlorophyll a ratio of 50:1; the
choice of the ratio is argued in Section 8.4.1). Each series of
cumulative productivity estimates was initiated at the first
station at which 14C-uptake measurements were made, 8o as to
facilitate comparisbn of productivity estimates based on the two

methods. During Cruise C, however, a large increase in chlorophyll
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TABLE 8.3 Cumulative Redfield productivity estimates (g C.m ) based on nutrient and

oxygen changes in the upper 20 m layer along each drogue track.

CRUISE A B C D E

Calculation period
Stations 16-29 2-18 3-19 1-22 1-19
Time (days) 3.20 5.21 5.62 7.00 6.00

Productivity estimates

(g C.m_z) from changes in:

Nitrate 19.19 14.42 16.00 26.01 22.50
Silicate 7.92 - 6.41 24.02 14.17
Phosphate 1.90 13.62 3.61 21.59 23.88

Oxygen 15.46 11.71 23 .44 22.05 14.63




a from station 1 to station 2 indicated that the dArogue had moved
into a different patch of water (see Chapter 6.5). In that case,

productivity calculations were started at station 3 (Day 2).

Estimates of Redfield productivity along the five drogue tracks
are presented 1in Fig.8.4. The curves are somewhat irregular,
with occasional negative slopes suggesting an increase in the
nutrient (or decrease in the oxygen) content of the upper 20
metres of the water column. Nutrient-rich water may have been
mixed into the original patch from either below the nutricline or
from an adjacent more recently upwelled patch of water (e.g. Cruise
A 8t.28). Shoaling of the nutricline or oxycline (possibly'caused
by internal waves or by small errors in the depth of sampling)
would have had a similar artefactual effect on productivity
estimates calculated in this way (e.g. Cruise B st.8-9, Cruise D
8t.20, Cruise E s8t.20, Cruise C 38t.l1-12; the deep trough at
st.13 was caused by a single low oxygen value, 2.7 d4m®.mn~3, at 3

m).

Nonetheless, maximum estimates of cumulative productivity along
the drogue tracks ranged between 14.42 g C.m~2 (Cruise B) and
26,01l ¢ C.m 2 (Cruise D), with nitrate changes usually yielding
the highest values (Table 8.3). Although production estimates
from phosphate changes (Fig.8.4) were sometimes high (Drogue
tracks D and E), they wvaried widely (particularly +those along
Drogue tracks A, C and D) probably because of erratic phosphate
distribution (see Fig.6.1), which may result from phosphate being
regenerated faster than nitrate or silicate. This reduces
the reliability of Redfield productivity estimates based on

phosphate changes. Oxygen concentrations in newly upwelled
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TABLE 8.4: Estimates of daily productivity (g C.m-z.d_l) for the whole study period (whole) and for the period of maximum

nutrient uptake (max upt) during each cruise.

CRUISE A B c D E
whole max upt vwhole max upt vhole max upt whole max upt wvhole max upt|
Station range 16-29 16-22 2-18 2-5 3-19 3-6 1-22 17-22 17-19 1-19 1-8
[Days) (2-5) (2-3) (2-7) (€3] (2-7) 2) (-7 1¢D)] 6) (1-6) (1-3)

Productivity method
1) Redfield*l,
using in situ

changes in:

Nitrate 6.00 11.47 2.77 10.62 2.84 4.95 3.72 6.79 12.07 3.74 9.24
silicate 2.47 5.77 - - 1.14 5.34 3.43  5.59  8.71 2.36 6.33
Phosphate 0.59 3.71 2.61 11.62 0.64 4,72 3.08 0.82 2.48 3.98 11.60
oxygen 4.83 8.36 2.25 6.92 4.17 9.86 3.15  5.27  8.52 2.44 7.98
2) 1"C- uptake*2
mean 4.74 4.10 3.21 2.25 3.64 4.68 3.30 6.79  3.59 5.20 5.57
(max)PY ™+ | (6.94)° (1.35)3 (5.62)° , 6.79)’ (10.30)2
3) Particle volume
) 3
increase¥
mean - - 6.91 21.37 7.7 10.85 6.65 2.5  16.44 4.89 6.80
(max)P2Y "o- (21.37)° (10.85)? (16.44)° (14.55)%

*°  from Fig.8.4 and Table 8.3
from Table 8.2
*”  from Olivieri and Hutchings' (1985a) Tables 1-4



waters are moderate (4-5 dmS.m"3), and_exchange with the atmosphere
was presuned to be negligible as oxygen-based productivity
estimates were usually intermediate between nitrate- and silicate-
based estimates. Two anomalously low oxygen measurements near
the sea surface at station 3 of Cruise C, caused oxygen-based
productivity for this cruise to be overestimated (see Table 8.4

and Fig.8.4).

When translated into mean daily rates, Redfield productivity
estimates from nitrate changes along the drogue tracks, ranged
between 2.77 and 6.00 g C.l::"“.d"1 (Table 8.4). However, Fig.8.4
shows that productivity rates were higher towards the beginning
of each study suggesting that, as a method of estimating produc-
tivity, the Redfield <calculations are probably more successful
during the early stages of bloom developmenf, and also when the
water column is stable. At a later stage of bloom development,
nutrient requirements may be met by rqunerated nutrients and
those stored within the cell; and oxygen is lost to the atmosphere
at an increasing rate because of supersaturation. Turbulent
conditions can also bias results because mixing usually introduces
more nutrients into the surface layer, thereby masking nutrient
uptake. Daily productivity estimates <calculated solely for
periods of maximum nutrient uptake (Table 8.4) were, accordingly,
higher than for the whole period, and ranged between 4.95-12.07
(nitrate), 5.34-8.71 (silicate), 0.64-11.62 (phosphate) and
5.27-9.86 (oxygen) g C.m~=2.,d"* over the five cruises. Even
though on first appearance the entire study period during Cruise
D seemed suitable for such productivity calculations, close
inspection of the chemical changes along the drogue track (see

Chapter 6.5) shows that only between stations 17 and 22 did the
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drogue maintain itself in a reasonably <consistent water mass.
Productivity estimates for this period are presented separately

in Table 8.4.

Productivity estimates based on 14C—uptake and particle volume
increases for roughly equivalent periods are also presented in
Table 8.4. Redfield productivity estimates based on nitrate
changes over the whole period were similar to 14C-uptake estimates,
ie between 0.7~-1.3 (mean 0.95) times the average 14C estimates
for the different cruises; whereas particle volume productivity
for Cruises B-E was 1.3-2.7 (mean 2.07) times the Redfield
estimates, and 0.9-2.2 (mean 1.8l1) times the 14C estimates.
However, for the periods of maximum nitrate uptake, Redfield
estimates were <considerably higher (between 1.7 and 4.7 times
higher) than the equivalent 14C values (except for Cruise C where
they were similar), but were lower than the productivity estimates
obtained from increases in particle volume. The latter (estimated
for Cruises B-E only) were 1.2-2.2 times higher than Redfield

1

estimates, and 2.3-9.5 times higher than 4C estimates except for

Cruise C when they were slightly lower.

The details of these results show that individual productivity
estimates can be considerably different (eg during the maximum
nutrient uptake period of Cruise B, the particle volume productiv-
ity estimate was 9.5 times higher than the equivalent 14C estim-
ate). However, when one considers the possible errors (methodo-
logical or otherwise) that can influence such individual estima-
tions, it becomes apparent that a more controlled comparison is
required, particularly for the 14C and particle volume methods of

estimating productivity. However, this rough comparison does
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TABLE 8.5: Linear regression statistics for the relationships
-between biomass indices for the drogue studies:

chlorophyll i.(mg.m_3), particle volume an3 X

106.m1_1) and CHN carbon (mg.m-3)(from Olivieri
1985)
RELATIONSHIP CRUISE EQUATION T n
Carbon on chll a B Y = 23.8x + 482 0.54 53
C Y = 30.9x + 683 0.33 29
D Y = 54.3x + 288 0.87 33
Carbon on particle B Y = 61.2x + 385 0.52 53
volume c Y = 109.7x + 500 0.56 29
D = 149.7x + 218 0.95 33
Chll a on A Y = 1.5 + 0.2 0.93 86
particle volume B Y= 1.9x + 0.6 0.80 161
C Y= 1l.7x + 0.2 0.89 191
D Y= 2.4x + 0.3 0.95 205
E Y = 2.5x + 0.5 0.94 194




support the commonly held suspicion that the 14C method may in

fact underestimate in situ productivity, but not as much as the
ten-fold underestimate suggested by some workers. It should be
borne in mind, however, that if Redfield productivity represents
gross productivity (as losses due to respiration and excretion
would not be accounted for), then the difference between Redfield

and 14C estimates would be less than calculated here.

8.4 A comparison of calculated biomass with in gitu biomass

8.4.1 In situ biomass estimates

\Phytoplankton biomass was monitored along each drogue track by
measuring chlorophyll a concentrations (see Chapter 6, Figs 6.2
and 6.4) and particle volume (Olivieri and Hutchings 1985a) at
all sampling depths. However, the rate of change of particulate
organic carbon is assumed to represent the most direct measurement

of "net <community organic production" (Ryther et al 1971). Thus

particulate cgrbon was measured (usind a CHN analyser) at selected
depths in the euphotic zone (during Cruises B-D) to provide
suitable equations for converting chlorophyll =a and particle
volume to <carbon (assuming that the particulate matter was
largely phytoplankton). Linear regressions for these biomass
estimates (Olivieri 1985) are summarized in Table 8.5. Although
chlorophyll a and particle volume were strongly correlated for
each cruise (r = 0.80-0.95), their relationships with carbon were
poor (except for Cruise D). Moreover, the éarbon:chlorophyll a
and carbon:particle volume ratios (i.e. the slopes of the linear
regressions) varied considerably, 24.8-54.3 and 61.2-149.7

respectively. Congequently, in each <case a single conversion
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factor was chosen from the literature so as to facilitate compari-
son of results amongst the cruises. The use of a single factor
may be justified since the blooms covered roughly the same

physiological states on each cruise.

Chlorophyll a was converted to carbon using a carbon:chlorophyll
a ratio of 50:1. Although much wvariation is known to occur in
field measurements of carbon:chlorophyll a (Banse 1977), 50:1 was
selected partly because it was found to be most appropriate in a
gimilar study off Peru (Ryther et al 1971) when the phytoplankton
bloom was also dominated by diatoms, and changes in chlorophyll a
and nutrient concentrations were similar to those which occurred
here (see Chapter 6). Moreover, the only reasonable correlation
(r=0.95) for linear regressions of organic carbon on chlorophyll
a for the present drogue studies, was for Cruise D (Table 8.5)
when the carbon:chlorophyll a ratio was 54.3:1 (i.e. most similar
to 50:1). Also, Bailey and Chapman (1985) report a carbon:chloro-
phyll a ratio of 56:1 for the St Helena Bay area of the southern

Benguela region.

Particle volume was converted to carbon using the linear regression
equation of Cowles (1977) for the Peruvian upwelling area:

carbon (mg.m"3) = 41.76 volume (um=.106.cm~>) + 13.38
as selected for this research project by Olivieri and Hutchings
(1985a). They did not use the particle volume to carbon relation-
ships obtained for Cruises B, C and D (Table 8.5) because, being
so variable, they would complicate inter-cruise <comparisons of
carbon productivity and biomass estimated from particle volume

experiments along the drogue tracks,
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Biomass estimates, in terms of chlorophyll~carbon and particle
volume-carbon in the wupper 20 m layer along the fivevdrogue
tracks, are presented in Fig.8.5. Chlorophyll-carbon showed
similar trends to the euphotic zone chlorophyll a concentrations
in Fig.6.4, increasing from low biomass levels from the start of
each drogue track (except for Cruise C when the drogue moved into
a patch of chlorophyll-rich water on Day 2) to peak on Day 4
(Cruise A), Day 2 (Cruises B and C), Day 8 (Criuse D) and Day 3
(Cruise E). Maximum levels ranged between 10.23 (Cruise C) and

17.29 (Cruise A) g C.m™2,

Chlorophyll-carbon estimates were considerably higher (on average
between 1.6 and 2.6 times higher) than carbon estimates from
particle volume measurements (Fig.8.5). At first this seens
surprising because '"particle volume" measurements may include
heterotrophic organisms and detritus, and thus, if anything,
should over-estimate phytoplankton carbon. The discrepancy may,
of course, result from the use of unsuitable conversion equations,
both of which are based on relationships in Peruvian upwelled
waters. If a carbon:chlorophyll a ratio of 30:1 was used, as
suggested by Banse (1977) for healthy growing phytoplankton
populations, the two estimates of phytoplankton carbon would be
more gimilar. On the other hand, if the slope of the regression
of carbon on particulate volume in Cowles' equation (41.76) was
replaced by the mean slope (106.9) for Cruises B-D (Table 8.5),
the difference would also be accounted for. However, the inherent
variability in the relationships between chlorophyll a or particle
volume and carbon (Banse 1977, Mullin et al 1966) makes biomass
conversions difficult. Furthermore, in this particular instance

the carbon measurements themselves are suspect, because samples
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may have been contaminated during collection on the RV Africana
II. The vessel, an oil-burning steam ship, periodically belched
out copious volumes of sooty smoke. The high Y-intercepts on the
carbon axes (218-683 mg C.m™3) (Table 8.5) suggest background
levels of carbon in the samples not accounted for by either

chlorophyll a or particle volume.

Another relevant consideration in this respect, is that if the
Cowles (1977) particle volume:carbon factor of 42 was replaced by
the locally derived value of 107 the carbon productivity estimates
obtained from partiéle volume bottle experiments would be relative-
ly even higher (4-5 times higher on average) than estimates
obtained from 14C—uptake and Redfield calculations (see Sections

8.3 and 8.4.2).
8.4.2 Calculated biomass estimates

In Figs 8.4 and 8.5 biomass was calculated along each drogue track
by cumulatively adding daily productivity estimates to the
organic carbon initially present in the water column. The initial
carbon was estimated from chlorophyll a measurements for 14C
(Fig.8.5) and Redfield (Fig.8.4) productivity estimates and from
particle volume measurements for the particle volume productivity
estimates (Fig.8.5).

It should be noted, however, that the 14C and particle volunme
productivity measurements were staggered in time, and thus not
directly comparable; incubation periods were different and water

samples were drawn at different =stations. Particle wvolume

productivity samples were from noon stations and incubated for 24
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hours with repetitive counts of 4-6 hour intervals (see Olivieri
and Hutchings 1985a), whereas 14C-uptake samples were drawn at
morning and noon stations and incub#ted for about 4 hours (see
Chapter 4). Subsequent productivity measurements were extrapol-
ated to daily estimates (see Section 8.3). The mean of morning
and noon daily estimates was used to calculate cumulative product-
ivity. When plotted on a common time axis, the <calculated and
observed biomass estimates (Figs 8.4 and 8.5) can be compared

directly.

Cumulative 14C productivity estimates (Fig.8.5) calculated using
the "time factor" method were generally higher than the "light
factor"” and "P vs I model" estimates of productivity (except for
Cruise D and part of Cruise C where the "light factor" estimates
were highest). However, when compared in this way (Fig.8.5), the
14C estimates of productivity using different calculation methods
were reasonably similar (particularly for Cruises B and C), and

ranged between 16 and 39 g C.m~% for the five study periods (cf.

14-26 g C.m~2 for Redfield estimates in Section 8.3).

In contrast, particle volume productivity estimates (39.4-52.4
g C.m™*®) were considerably higher (on average 2.1 times higher)
than the mean 14C estimates for Cruises B, C and D (Fig.8.5). For
Cruise E, however, the two estimates were essentially the same
(i.e. 31.1 and 32.2 g C.m~2 for 14C and particle volume produc-

tivity respectively).

It should be borne in mind, however, that mean Redfield estimates
of daily productivity based on the period of maximum nutrient

uptake (see Section 8.3 and Table 8.4) were between 1.6 and 4.7
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TABLE 8.6: A comparison of calculated and observed phytoplankton carbon (g C.m_z) at the end of each study using

chlorophyll a-carbon with 14

volume productivity estimates (P.vol).

presented for Cruises B-E

Losses due to copepod grazing (Olivieri and Hutchings 1985b) are

C productivity estimates (Chl-

14

C), and particle-volume-carbon with particle

CRUISE A B C D

ch1-%c pPovol | cnl-'% Puvol  [eni-'¥c Puwvel  [ani-M®c Puvol  |eni-l*c p.vol
Calculated biomass 18.5 - 23.7 41.4 30.2 47.7 25.0 53.2 31.5 33.0
(Cumulative productivity) (17.7) (19.1) (39.4) [(21.8) (44.3) [(24.4) (52.4) |(31.1) (32.2)
Observed biomass 15,11 6.40 3.30 2,50 3.15 2,10} 15.20 4,32 1.81 -
Shortfall 3.39 - 20.4 38.9 27.0 45.6 9.8 48.9 29.7 -
(% of cumulative productivity) | (19.2%) (93.62) (87.92) | (124%) (103%) | (40.22) (93.32)1(95.32) -
Cumulative grazing loss - - - 0.99 - 1.49 - 1.11 - 1.82
(% of cumulative productivity) (5.22) (2.5%)] (6.8%) (3.42)| (4.5%) (2.12)] (5.8%) (5.6%)
(2 of ghortfall) (4.8%) (2.5%)] (5.5%) (3.3%)) (11.3%) (2.32)] (6.32) -




times higher than the egquivalent 14C productivity estimates,
whereas particle wvolume estimates were 1.4-2.2 times higher than

the Redfield estimates.

8.4.3 Differences between calculated and observed biomass

The changes in biomass actually observed along each drogue track
(Fig.8.5) represent net primary production in the patch of
upwelled water being studied (any losses due to whatever cause e.g.
death, sinking, grazing, advection, etc. having taken their
toll). Calculated biomass, on the other hand, is based on cumula-
tive productivity measurements, without consideration of possible
loss. The cumulative productivity estimates in Fig.8.5 represent
potential production, and the differences between these curves and
the biomass curves represent the loss of primary productivity from

the 20 m> water column during the course of each study.

In Table 8.6 a comparison of calculated with observed phytoplankton
biomass may be made, the difference being the loss of phytoplank-
ton carbon from the 20 m® water column during the study periods,
This shortfall (ranging from 3.39 to 48.9 g C.m-2) is equivalent
to between 19.2% (Cruise A) and 124% (Cruise C) of the primary
productivity accunmnulated during the study periods; low percentages
(Cruises A and D) resulted from calculations based on blooms which
had yet to decline, whereas losses greater than 100% of cunmulative
productivity reflect in situ biomass being higher at the start of
monitoring than at the end. Shortfalls for particle volume-based
experiments are larger than 14C-chlorophyll based experiments;
this is partly because particle volume productivity estimates are

higher than 14C-uptake estimates, and because biomass estimates
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based on particle volume-carbon are lower than those based on
chlorophyll-carbon. Nonetheless, in both <cases mnuch of the
primary production was lost during the course of each study, and

high biomass levels were maintained for only a few days.

The result of zooplankton grazing experiments by Olivieri and
Hutchings (1985b) during Cruigses B-E (summarised in Fig.8.5)
indicate that grazing pressure on the phytoplankton was negli-
gible. In fact, cumulative grazing over each study period (see
Fig.8.5 and Table 8.6) amounted to between about 2% and 6% of the
gshortfall calculated from particle volume experiments (or 5-11%
if the grazing results were applied to the 14C-chlorophyll a

experiments).

Calculated biomass roughly coincided with the observed biomass
until the latter peaked, particularly for Cruises A and E when
moderate wind ensured that the water column was stable and the
drogue did not move far (see Table 5.1). Once the blooms started
to decline, the calculated biomass curves deviated from those of
the observed biomass, For Cruises B, C and D, however, this
relationship was less obvious. This may be linked to the fact that
during these three cruises the drogues <covered large distances
with phytoplankton populations being subjected to more rigorous
physical environments than in Cruises A and E. Strong winds,
surface mixing and possibly wvertical shear may have caused
physical factors to dominate over biological factors, 1i.e.
dispersive forces, such as mixing, advection and sinking resulted
in the rate of export of phytoplankton from the 20 m water column
exceeding the rate of population growth, so that observed biomass

levels aecreased. If this is true, then one of the initial
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assumptions made for this study does not hold, i.e. that the patch
of water being tagged was large enough for such physical factors
to be unimportant. However, before discussing possible losses from
the phytoplankton community in the upper 20 m, let us first
consider the detailed development of the population during each

cruise and the influence of relevant environmental factors.

8.5 Factors affecting phytoplankton production

Representative depth profiles of phytoplanktbn biomass (chlorophyll
a), the hourly rate of 14C productivity (P), biomass standardised
productivity (P®) and nitrate concentrations along each drogue
track, are presented in Figs 8.6-8.10 together with the depths of
surface mixing and the 1% light level. One set of profiles per
day was selected for presentation. These data allow speculation
as to what factors influence phytoplankton production in each
case. It should be noted here that silicate concentrations are
not presented as they show similar trends to nitrates; however,
at low concentrations silicates were usually slightly higher than
nitrates. The depth of "surface mixing" is taken to be the depth
of the isothermal layer as assessed from BT profiles (see Chapter
5.3.2), and may vary guite considerably from day to day, partic-
ularly when the water column is only weakly stable. Each cruise
is dealt with below: firstly, Cruises A and E, during which
relatively stable conditions persisted (i.e. moderate winds blew,
the drogue did not move far and the depth of surface mixing was
shallow, seldom exeeding the 1% iight depth); and, secondly,
Crpises C, D and B, during which conditions were more turbulent
(strong winds blew, deep mixing occurred on occasion and the

drogue moved more extensively).
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Cruise A (Fig.8.6): Relatively calm conditions alloﬁed a classic
sequence of bloom build up during this cruise. Vefy low and
uniform chlorophyll a concentrations in newly upwelled water on
Day 1 increased rapidly (particularly in the euphotic zone) to

maximum concentrations on Day 4 while nitrate concentrations

dropped from 20 mmol.m~®  to about 1 mmol.m™* in the upper
euphotic zone. Productivity rates increased as chlorophyll a
concentrations increased. Biomass standardised productivity (P®)

was highest at the beginning of the study. Mean PP (above the
10% light depth) decreased from about 17 mg C.mg chll a-*.h~! on
Day 2 to 4-5 mg C.mg chll a~*.h~* by Day 4. It is noteworthy that
this decrease in P®? (at least from Day 2 to Day 3) is unlikely to
be due to nutrient limitation as nitrate (5-7 mmol.m~3) and
silicate (3-4 mmol.m~3) concentrations were still moderately high

on Day 3.

The decline of the bloom was retarded by the apparent entrainment
of nutrients into near-surface watgrs on Day 5. The stability of
the water column during this cruise allowed photosynthetic
products to accumulate and a bloom to develop. Production was
ultimately limited, firstly, by the original nutrient content of
the water mass and, secondly, by self-shading as increased
biomass concentrations resulted in a decrease in the depth of the
euphotic zone, thereby making the nutrients deeper down unavailable

under stable conditions.

Cruise E (Fig.8.7): As in Cruise A, the phytoplankton population
built up rapidly during Cruise E in the stable nutrient-rich

water. Chlorophyll a increased@ from low concentrations to peak

-
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on Day 3, by which time nitrates in surface waters had decreased
to about 1 mmol.m~ 3 and (as did silicate concentrations) stayed
low for the remainder of the study period. Productivity rates
were high in the upper euphotic zone (over 120 mg C.m~3,h~-1?)

during the biomass peak (Days 2-4) and then decreased as biomass
levels fell. Comparison of chlorophyll a and productivity
profiles indicate considerable 1light-limitation of the phyto-
plankton community due to self-shading. However, PP, which may
be considered an index of the physiological state of the phyto-
plankton (Strickland 1965), was generally quite high even at the
end of the study period (i.e. about 10 mg C.mg chll a~*.h™*! on
Days 6-7). This may have been due to regenerated nitrogen
fueling production at that stage. Although PP does not seem to
be a good indicator of bloom decline, it does suggest that the
phytoplankton community was not nutrient limited in a physio-

logical sense.

Cruise C (Fig.8.8): In contrast to the relatively calm conditions
during Cruises A and E, strong winds accompanied a deeply mixing
water column (to between 25 and 40 m) during the first half of
Cruise C. Moreover, at the start of the study, chlorophyll a
concentrations were already high (about 8 mg chll a.m~3) and the
depth of the 1% 1light level was less than the depth of surface
mixing. Despite moderately high productivity measurements (up to
70 mg C.m"*.h~*) and a noticeable decrease in nitrate concentrat-
ions, there was virtually no increase in chlorophyll a concentrat-
ions. Presumably this was due partly to deep mixing causing
light-limitation of in situ productivity and partly to the net
production being mixed downwards so that, even though total

biomass may have increased, phytoplankton densities did not
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increase. However, after the water column stabilized on Day 4
(station 9), <chlorophyll a concentrations did not increase
despite relatively high nitrate (about 5 mmol.m~3) and silicate
(about 4 mmol.m~*) concentrations. It should be borne in mind
that water column stabilization coincided with the drogue reversing
direction and moving southwards (see Fig.5.4). At this point the
drogue may have moved into a different patch of water, particularly
as the phytoplankton species composition <changed from being

dominated by Nitzschia spp. to Chaetoceros spp. (Olivieri et al

1985). Nevertheless, irrespective of nutrient concentration, PP
did not vary much and ranged between 3 and 6 mg C.mg chll a~*.h-?,
Bloom decline may, of course, have been caused merely by the

physical dispersion of the population.

Cruise D (Fig.8.9): The main feature of this cruise is the long
time it took for the bloom to build up (8 days) even though PP
was high throughout the «cruise. Close examination of the BT
profiles and changes in water column chemistry indicate that the
apparent ‘"lag" was a consequence of strong winds and vigorous
upwelling preventing the original patch of water from maintaining
its physical integrity. It appears that turbulent advection and
shear resulted in a continuum of newly upwelled water, with
varying amounts of phytoplankton in it (and varying physical
structure), passing the drogue until perhaps Day 6. At this stage
the environment seemed to be stable enough for the bloom to build

up rapidly as it did in Cruises A and E.

Cruise B (Fig.8.10): At the start of the study-period chlorophyll
a concentrations were moderately high (3-4 mg chll.m~3) and fairly

evenly distributed down to about 30 m, so that throughout the
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Cruise mpch of the phytoplankton community was light-limited due
to self-shading. Except for Days 1-2 the surface mixing layer
was shallow (mean depth 9.5 m) and phytoplankton biomass (and
productivity) increaéed rapidly to peak on Day 3. By this stage
nitrates had dropped to less than l\mmol'.m‘3 in the euphotic zone
and remained low for the rest of the cr;ise. P2  was generally
low (3-5 mg C.mg chll a-*) even when nitrate concentrations were
high on Day 2. However, 1low nutrient concentrations may have
caused phytoplankton to sink out of the surface layer; such
sinking behaviour is observed in microcosm experiments on upwelled
water, when the nutrients are stripped from the medium (G.Ct
Pitcher, SFRI, pers. comm.). The deepening chlorophyll a maximum
(on Days 3-7) supports this suggestion, although it should be
borne in mind that, if the water column was shearing vertically,
the deep chlorophyll a maximum may be an accumnulation of chloro-
phyll a from a series of such blooma during different upwelling
events prior to Cruise B. Moreover, the rapid movement of the
drogue up the coast may have caused some of the net production to
be dispersed by horizontal turbulent advection. A decrease in
surface salinity from Day 5 (see Fig.5.10) indicates that lower
salinity water was probably entrained into the water around the
drogue between Ysterfontein and Cape Columbine. Thus, if this
low salinity water was poor in <chlorophyll a, dispersive mixing

could have been partiy responsible for the decline in the phyto-

plankton population near the sea surface.

8.6 Discussion

A pertinent question now is "What happens to the organic matter

which was produced during each study period?". Harris (1984)
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summnarizes the important terms in the overall balance of production
and loss in surface waters at the levels of both individual cells
(photosynthesis, respiration and excretion) and the phytoplankton
community as a whole (immigration, emigration, growth, grazing,
sedimentation and death). The concepts, illustrated in Fig.8.11,
are pertinent to both "bottle experiments"” and population changes
observed in the water <column and may help explain the large
differences between the observed and calculated biomass estimated

for the five cruises in Fig.8.5.

8.6.1 Cell fluxes

Photosynthetic processes organically bind carbon within the cell
in the presence of light. Some of this organic carbon is subse-
quently lost through céllular respiration and excretion. As the
14C-uptake productivity measurements are thought to represent
something between net and gross productivity, no correction was
made for the hourly day-time productivity estimates in the present
study, but an arbitrary attempt was made to estimate and correct
for night-time respiration (see section 8.2.2). Excretion of
organic carbon was estimated in previous experiments in the same
area from concentrations of radioactive organic carbon in the
filtrate of productivity samples (J.L. Henry and P.C. Brown, SFRI
unpublished data), and usually found to be low. Sneller (1982)
also reports that the release of dissolved organic carbon by
Peruvian phytoplankton communities is a small percentage (3.2-4.4
%) of the total carbon fixed; therefore its omission should not
influence productivity rates unduly. In any case, phytoplgnkton
population growth depends on particulate productivity (and not on

extracelluar productivity), thus no correction was applied to
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productivity estimates for losses due to the excretion of organiq
carbon by the phytoplankton <cells. The possibility does exist,
of course, that more organic carbon is excreted but is "mopped
up" by bacteria which may be retained on the filters and thus is
not detected in the filtrates. This may account for some of the
shortfall between <calculated and observed biomasa, but its
significance is difficult to assess here, as no bacterial measu-
rements were made during these cruises. Howewver, Muir (1986)
reports that, in the upwelling area off Cape Columbine, bacterial
biomass fluctuations mirror those of phytoplankton. As the
majority of marine bacteria are free-living and small (mostly
rods less than 0.5 wum in length) (Muir 1986), most would have
passed through the glass fibre filters wused in " the 14C—uptake
experimenta. During bloom decline, however, some bacteria may be
attached to detrital matter and thus retained by the filter
(0.7 um pore size) At this stage phytoplankton productivity may
be overestimated. Neither respiration nor excretion corrections
are necessary for particle volume productivity measurements which

rely on biomass <changes rather than the flux of elements.

From the view point of a «cell, probably the major potential
influence of the nutrient-rich wupwelling environment on primary
production, and consequently on bloom development, would initially
be the average light intensity experienced by the <c¢ells. During
deep mixing of the barely stable water c¢olumn, respiratory
loss of organic carbon may exceed its photosynthetic production
at a cellular level, and thus retard population growth or even
cause it to decline. This may have occurred on some occasions
during Cruise D, and during the first half of Cruise C, when the

depth of mixing was considerably deeper than the euphotic zone.
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Although chlorophyll a levels did increase during Cruise C, deep
mixing seemed to prevent chlorophyll a —concentrations €from
increasing to the high concentrations attained during the other
cruises.
! .

Such influences cannot be directly accounted for by the methods
used to measure productivity in this study. The "bottle experi-
ments"” artificially hold the phytoplankton ~at constant light
depths and, thus, neglect respiration due to deep mixing.
Redfield productivity based on nutrient changes reflects gross
productivity thereby also omitting the loss of organic carLon by
deep respiration. However, although such carbon 1losses would
have occurred in the present study when the depth of mixing was
greater than the euphotic zone depth, deep mixing was unlikely to

account for bloom decline in most cases.

Another potential influence at a cellular level is that of low
nutrients limiting photosynthesis. This was assessed by inspecting
the biomass standardised rates of productivity, P® (mg C.chll
a~*.h-*), for each cruise (see Section 8.5). These data show no
definite trends with respect to nutrient concentration and were
often high when nutrient concentrations were low, thus indicating
that nutrient 1limitation was unlikely to be operating at a
physiological level. .However, MacIsaac et al (1985) also found
little change in P® in sequences of phytoplankton growth in newly
upwelled water in Peru, whereas they did find very definite
changes in the rates of nitrogen wuptake and nitrogen reductase
activity. This supports Harris's (1984) suggestion that P® should
be treated with caution, as changes in PP mady be more due to

shifts in species composition rather than to physiological
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adaptation, with minor species possibly contributing more heavily
to proauctivity than to biomass. Perhaps indices based on
nitrogen fluxes and species specific biomass estimates may be
more useful indicators of the physiological response ofkphyto—

plankton to environmental changes.
8.6.2 Population fluxes

Losses from the phytoplankton community in the upper 20 m layer
(Fig.8.5, Table 8.6) implicéte grazing, sinking, mixing and/or
dispersion as vehicles for the removal of the products of photo-

synthesis from the water in the vicinity of the drogue. These

processes are discussed below:

Grazing: As mentioned previously (section 8.4.3) zooplankton
grazing pressure on phytoplankton (as estimated by Olivieri and
Hutchings 1985b) was negligible. However, fhﬁyaccurate estimation
of in situ grazing is difficult because calculations are based on
vertically migrating, patchy zooplankton pobulations (Hutchings
1979, 1986, Pillar 1984). Also, the omission of larger zooplankton
(e.g. euphausids) and pelagic fish as potential grazers, may
cause grazing pressure to be underestimated. Recent estimates of
the biomass distribution of meso-zooplankton (mainly copepods and
euphausids) indicate fhat euphausiids compriée 31.3 % of the
zooplankton off the Cape Peninsula (Pillar 1986). Moreover,
since WP-2 nets such as those wused by Olivieri and Hutchings
(1985b) ao not catch large zooplankton efficienﬁly (Pillar 1984),
euphausiid biomass would have been underestimated in the drogue
studies. However, as local euphausiids species are omnivores

(Pillar 1984, Stuart 1986), their contribution to overall grazing
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pressure is probably 1lower than the predominantly herbivorous
copepods in this area. On the other hand, while the dominant
Benguela pelagic fish species (the anchovy) is also omnivorous,
it is considered to be largely a zooplankton feeder (James 1986).
Even if one doubled the zooplanktgn grazing estimate, it would
still be small relative to the phytoplankton standing stock and
production shown to be available in this study. However, Borchers
and Hutchings (1986) show that zooplankton in the southern Benguela
have a potential to remove approximately 50-60% of the annual
phytoplankton production of 1.3 kg C.m~2.y-* (Brown 1984).
Zoopiankton grazing within- incubation bottles (for 14C-uptake and
particle volume productivity measurements), may cause phytoplankton
productivity to ye underestimated. 1In this study, water samples
for particle volume productivity measurements were sieved through

a 200 pm mesh to remove mesozooplankton grazers from the incubation
bottles; the small size of the 14C incubétibn bottles (125 ml)
would normally preclude the ©presence of mesozooplankton grazers
(Sheldon et al 1973, Brown 1982). However, cérrection of such an
error would only serve to increase the shortfall between calculated

and observed phytoplankton biomass.

Sinking: Phytoplankton may sink out of the upper 20 metres.
Although no sedimentafion studies were conducted, inspection of
depth profiles of biomass suggest that this may have occurred
along some of the drogue tracks. Even indirectly, however,
sinking losses are difficult to quantify here because of the
uncertainity regarding the water column maintaining its physical
integrity. If the surface layer did in fdct shear over the

deeper water, then deep chlorophyll a maxima (especially evident
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in Cruise B) may be remnants of previous events and not a direct
result of phytoplankton sinking out of the surface bloom being
studied. Nonetheless, sedimentation studies in the southern
Benguela by Bailey (1983) and co-workers show that considerable
losses of organic carbon may occur grom.surface waters., Sediment-
ation rates of up to 4.2 g C.m~2.,4-! (Bailey 1983) suggest that
bloom decline may on occasion be a direct result of phytoplankton
sinking out of surface waters particularly in a vertically stable
water colunmn. Pitcher (1986) has shown that while vegetative
diatom cells sink slowly, festing spores form and sink rapidly
from the water c¢olunn. Sporulation has been observed“to be
initiated at the end of the exponential growth phase (Hollibaugh
et al 1981) with nutrient limitation being the most common

causative factor triggering spore formation and rapid sinking of

phytoplankton (Bienfang 1981, Pitcher 1986).

Dispersion (caused by turbulence, shear, Adyective mixing etc.)
may‘also account for phytoplankton losses from the water around
the drogue. By definition phytoplankton are largely passively
transported from place to place by their fluid environment, thus
it is not surprising that "turbulent advection plays a major role
in controlling the morphology of plankton patchiness" (Mackas et
al 1985) and thus may also influence bloom build up and decline.
Vertical turbulence cén mix phytoplankton to below 20 metres (e.qg.
Cruises C and D), so that it is effectively lost. However, the
influence of deep mixing on phytoplankton bloom ecology (Sverdrup
1953, Legendre 198l) is primarily biological. Spending long periods
at low light levels in deep water results in respiration increasing
relative to photosynthesis so that net productivity per cell

(Section 8.6.1), and consequently population growth, are reduced.
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On the other hand, the effect of horizontal turbulent advection
on a bloom could be to disperse it into surrounding waters with
lower <cell concentrations. Species composition may even be
similar in the low biomass water with the patch being defined
in terms of biomass differences. Once the increase in cell
numbers is exceeded by the diluting effects of turbulent advection,
the bloom will decline, The intensity of the effect of turbulent
advection will wvary with the physical state of the environment.
During calm periods after upwelling, a stable water column would
favour bloom development being dominated by biological factors
such as the rate of phytoplankton productivity. When nutrients
become depleted and productivity is nutrient limited and possibly
also light limited due to self-shading, cells may sink out of
near-surface waters and/or be dispersed by even low levels of

turbulence, thus resulting in the decline of the bloon.

During strong winds the shearing action of a tongue of upwelled
surface water over deep layers intensifies the effects of turbul-
ence and adyective mixing particularly at the lateral and sub-
surface boundaries of the tongue, thus entraining water into the
original parcel. The relative condition of the water being
entrained (in terms of its biomass and nutrient contents) would

determine its effect on bloom development.

Because spatial investigations were not usually conducted simultan-
eously with the drogue "temporal”" studies, little can be said with
confidence regarding the effects of horizontal turbulent advection
in this study, except perhaps for Cruises A and E. During December
1979 (Cruise A) SFRI conducted aerial surveys over the Cape

Peninsula to map sea-surface temperatures (SST) (Taunton-Clark
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1982). $ST maps for the two days prior to the release of the
main drogue and for Days i, 4-5 of Cruise A are reproduced by
Olivieri (1983) with the midday position of the drogue. These
data indicate that the drogue did in fact move along the axis of
the upwelling tongue until Day 5 wh?n it veered towards the shore
while the tongue continued in a. nortﬁ—horthwesterly direction.
This is consistent with the suggestion that the parcel of water
during this cruise more or less maintained its physical integrity
until Day 5 when the increase in nutrients (Fig.8.6) and deepening
of the surface mixing layer (Fig.5.12) suggested that more

recently upwelled water was entrained into the original patch.

SST maps for October 1981 (Taunton-Clark 1982) indicate that the
strong thermal front typical of the upwelling season had not yvet
developed during Cruise E. Holden (1981) made daily transects
across the path of the drogue recording current profiles on
either side (see Fig.5.7) and Boyd (1982) madg rough estimates of
dispersion and shear using a number of small drogues set at 2, 10
and 20 m in the immediate wvicinity of the hain drogue. Boyd's
study suggests that horizontal shear may cause considerable
dispersion of a bloon. Holden (1981), on the other hand, found
juxtaposed northerly and southerly currents in the wvicinity of
the drogue. These may have resulted in turbulent advection in

the shear zone between the currents dispersing the population.

During Cruises A and E the water column was relatively stable and
the drogue did not move far. However, during the other three
cruises (B, C and D) conditions were generally more unstable,.
both wvertically and horizontally, so that physical dispersive

forces may have influenced bloom development to a greater extent
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than dur;ng Cruises A and E. ‘While the quantification of such
processes is beyond the scope of this study, consideration of
co-occuring environmental conditions and a knowledge of the
hydrography which usually accompany these, allowed some presumptive
speculation as to possible physical'influences on bloom development
in Section 8.5. These surveys lackea adequate measures of
physical stratification and turbulence due to the limitations of

only mechanical bathythermographs and bottle casts being available.

Nevertheless, the use of drdgues provided greatly improved infor-
mation on the time scale of events following upwellin;; it
provides a new perspective on the spatial and temporal scales
previously available only from the less direct transect approach
of Andrews and Hutchings (1980). Moreover, +the comparison of
independent methods of estimating primary productivity lends some
confidence to the 14C—uptake productivity measurements. Mixing of
new and matured upwelled water is a charapterisfic feature of
this dynamic region, and the contrast between the results of
Drogues A and E (with low wind speeds and litfle drogue movement)
and Drogues B, C and D provides some insight into the complex

ways in which the surface layers are enriched during the upwelling

process.
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CHAPTER 9: CONCLUSIONS

The physical destination of a "patch" of upwelled water
Nutrient changes in upwelled water

Redfield ratios and the estimation of primary productivity
Phytoplankton biomass and productivity estimates
Phytoplankton bloom development
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The drogue study (Part II) describes the short-term fate of water
after upwelling off the Cape Peninsula, with emphasis on phyto-
plankton bloom development in recently upwelled water. 1In this
chapter, the major conclusions from the five surveys will be drawn;
and the study will be put into pergpective in terms of the whole

coastal upwelling system described in Part I.

9.1 The physical destination of a "patch" of upwelled water

Although drogue movement is limited in its ability to reflect the
physical destination of any particular body of water (especially
in a highly dynamic and pulsed upwelling system), here it indicates
that upwelling water off the Cape Peninsula tends to move towards
the N-NW (Cruises B, C and D) but may also be diverted southwards
before moving offshore (Cruise D), move towards the coast (Cruise
A) or move back and forth in a limited area (Cruise E) depending
on prevailing winds and currents. Such varied nmovement is
consistent with simulation models of drogue movements off the
Cape Peninsula by G. Nelson (SFRI, pers. comm.). The models show
that small temporal or spatial variation in drogue deployment may
result in considerable variation in drogue tracks because of the
notably unstable meteorological and <circulation patterns in the

area.

A "patch" of wupwelled water is more likely to maintain its
physical 1integrity with time wunder stable conditions such as
were found during Cruise A, Vertical and horizontal instabilities

resulting from deep mixing, shear, turbulent advection, slippage
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of water past the drogue etc., may disperse the upwelling water
thereby preventing the initiation of a phytoplankton bloom and
biasing a time-series study on a particular body of water, as
the water in the vicinity of the drogue would be cbntinuously
displaced (e.g. first half of Cruise D). A series of measurements
under such <conditions reflects a continuum of different water
bodies, ;ather than changes due only to biological activity in a
single body. However, once conditions stabilized, biological and
chemical changes suggest that the water body near the sea surface

maintained some integrity.

9.2 Nutrient changes in upwelled water

Nutrient concentrations in upwelling source water were high (mean
concentrations for nitrate, silicate and phosphate were 20.8, 16.6
and 1.88 mmol.m™> respectively), while oxygen (4.0 dm3.m~3) and
chlorophyll a (0.6 mg.m~>) concentrations were low. Nutrients
decreased rapidly (and oxygen and chlorophyll a increased) with
nitrates sometimes reaching concentrations of lgss than 1 mmol.
m~>. When the water samples collected along the drogue tracks
were categorized into "newly  upwelled", "mature" and "aged"
upwelled water types, the changes in the mean nutrient atomic
ratios of occurrence in the euphotic zone ranged from 11.17 to
3.12 to 1.69:1 for N:P and 8.66 to 3.57 to 5.75:1 for N:Si,
suggesting that nitrate was used up fastest and thus, in agreement
with the findings of Andrews and Hutchings (1980), is most likely
to limit phytoplankton growth. Regressions of nitrate on silicate
and calculations of nutrient depletion times, however, indicate

that silicate may sometimes be depleted before nitrate. As

regenerated nitrogen (ammonia and urea) was not measured, total
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nitrogen depletion was not estimated. Thus, as diatoms regquire
silicon and the rate of silicate regeneration is slower than that
of nitrogen (Dugdale 1972), the possibility of silicon limitation
in the southern Benguela should not be disregarded on the grounds

that nitrates were reduced to lower‘conqentrations than silicates.

9.3 Redfield ratios and the estimation of primary productivity

The mean atomic ratios of nutrient utilization and oxygen product-
ion (_P:_N:_Si:_0O), as estimated from regression analyses
(1:16.3:12.8: -283) and elemental changes along the drogue\£racks
(1:15.7:13.8: -206), were roughly =similar to the equivalent
Redfield ratios (1:16:15:-276). Individual values, however,
varied quite substantially from the ﬁean ratios. Nonetheless,
the calculated ratios of wutilization suggest that phytoplankton
in upwelled water utilize nitrate-N, silicon-Si and phosphate-P
and produce oxygen in roughly the same proportions in which these
elements are reported to occur in phytoplankton. Thus elemental
changes in N, Si, P and O in the upper 20 metfes along the drogue
tracks were converted to carbon (using Redfield ratios) in an
attempt to estimate rates of primary organic production without
enclosing water samples in bottles (as is required by the 14C-up-

take and particle volume methods of measuring productivity

rates).

Comparison of productivity estimates obtained using these three

methods, shows that Redfield estimates (based on the whole study

period) were similar to 14C—uptake estimates, whereas particle

volume productivity was about twice the 14C and Redfield esti-

mates. However, during the periods of most rapid nutrient uptake,
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Redfield productivity estimates were on average about 2!/- times
higher than the 14C-uptake estimates and about 3/4 of the particle
volume productivity estimates. The important point to note is
that, as commonly suspected, 14C-uptake measurements probably do
underestimate true productivity, ‘butv not by as much as the

suggested "order of magnitude"' (Sheldon and Sutcliffe 1978,

Schulenberger and Reid 1981).

9.4 Phytoplankton biomass and productivity estimates

i

Je

Biomass (chlorophyll a) and productivity (14C-uptuke) estimates
for this study are summarised in Table 9.1. On average, about
half of the biomass in the upper 50 metres occurred below the 1%
light depth indicating that low light, due to self-shading, is2 an
important factor limiting the primary productivity of the systen.
However, the rate of biomass standardised productivity, PP, was
usually gquite high in the upper euphotic zohe {mean 7.2 mg C.mg
chll a-*.h~*), Although the significance of this is uncertain,
it may be interpreted as meaning that the phyéoplanktoh community
was not strongly nutrient limited in a physiological sense.
However, from an ecological perspective, total phytoplankton
productivity is undoubtedly nutrient (N and/or Si) controlled in
terms of the gross amount of nutrients which upwell, as is the
case for most other ﬁpwelling systems studies (Dugdale 1983). A
possible change in phytoplankton community structure from a
diatom-dominated bloom (adapted to high nutrient concentrations)
to phytoplankton species which are adapted to ammonia uptake and
~do not require silica, may explain the high P® sometimes found at
the end of the bloom when nitrate and silicate levels are low but

ammonia may be available.
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Column productivity rates ranged between 0.94 and 14.01 g C.m~%*,4"?
(or 122-1465 mg C.m~2.h"*) with a mean rate of 3.80 g C.m™%2.4"!?
(or 407 mg C.m~2,h-*)., These data are similar to values obtained
previously for two nearshore sites off the Cape Peninsula (mean
4.05 g C.m™2,d"*) (Brown 1984); they are more variable and, on
average, higher than productivity rates reviewed by Minas et
al (1982) for Northwest Africa (individual values 0.56-7.6 g
C.m™2.4°1; mean values 2-2.4 g C.m™2.4"!'), except for the
measurements made during two studies near Cape Timiris (Herbland
et al 1973, Herbland and Voituriez 1974), when they were similar
{mean 3.9 g C.m™2.47%). Barber and Smith (198l1) report lower
mean productivity estimates for the upwelling areas off Northwest
Africa (1.96 g C.m~2.4-*) and Peru (1.89 g C.m"2.d-'). Ryther et
al (1971) measured similar daily rates for their drogue study off
Peru (15°) (3.14-11.74 g C;m‘z.d“), while values by Beers et al
(1971) (mean 1.17, range 0.83-1.79 g C.m~2.,d-*) and Strickland et
al (1969) (mean 1.60, range 0.25-4.10 g C.m~2.d-!') for Peruvian
upwelling areas were <considerably lower than in the present
study. Productivity rates by Schultsz (1982) for Northwest
Africa (mean 1.14, range 0.18-3.58 g C.m~2.d4"*) and for the
northern Benguela area off Namibia (Southwest Africa) (mean 1.76,

range 0.3-5.5 g C.m™2.4"*) were also lower.

9.5 Phytoplankton bloom development

The initiation of blooming appears to be <controlled by the
physical state of the water column, a certain level of stability
(vertical and horizontal) being required. The "low physiological
rates"” observed by MacIsaac et _al (1985) in very newly upwelled

water off Peru, were not identified in the present study. This
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should not be interpreted as indicating that such a biological
"lag" phase does not exist locally. At the commencement of each
study period, the présence of at least a weak thermocline (see
Fig.5.12) and the relatively lower nutrient and higher chlorophyll
a and oxygen concentrations at the sea surface (see Table 6.3).
suggest that surface water had been in the euphotic zone long
enough  for at 1least some photosynthesis to occur. Thus the
population may already have adapted to the high 1light levels in

the euphotic zone and reached the MacIsaac et _al (1985) "shift-up"”

stage characterized by rapid growth. Even if it does exist, such
a biological "lag" is unlikely to have a major effect on the
productivity of the southern Benguela upwelling zone as whole, as
the areas of 1intense vertical transport are relatively small
(Taunton-Clark 1985). Once conditions stabilize sufficiently for
the products of photosynthesis to accumulate, chlorophyll a
concentrations increase from low levels to peak within a few days
and then decrease almost as rapidly. Phytoplankton bloom develop-
ment in upwelled water is summarized in Fig.9.1. This simple
empirical model was constructed by superimposing the chlorophyll
a peaks from the five time-series presented in Chapter 6 (Fig.6.4),
and by calculating mean chlorophyll a, oxygen and nitrate concen-
trations in the euphotic zone during the build wup and decline
periods of the blooms, The whole cycle of bloom development is
completed within about six to eight days (see Table 6.4 and
Fig.9.1). Nitrates (and silicates) are rapidly stripped from the
water column during the build wup of the bloom, while oxygen

concentrations increase and then level off as it declines.

Mean daily productivity estimates (using the 14C—uptake, particle

volume and Redfield methods) during the build up and decline of
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the "model" bloom (Fig.9.1) are presented in Fig.9.2. These daté
may give some indication of the relative importance of "new" and
"regenerated" (Dugdale and Goering 1967) productivity. As
Redfield productivity was calculated from changes in the nitrate
content of the upper 20 metres, it represents "new" gross product-
ivity (i.e. including particulate, excreted and respired carbon)
whereas 14C and particle volume estimates approximately represent

total (i.e. new" plus "regenerated") particulate net productiv-

ity. Standard errors (Fig.9.2) for the particle volume productiv-

ity means are generally greater than those for 14C and Redfield
mean estimates. Fig.9.2 shows that, prior to the bloom peak,
Redfield productivity falls between particle wvolume and 14C

estimates. After the bloom peak, 14C and particle-volume estimates
are similar while Redfield estimates are low, suggesting that
regenerated production becomes more important during bloom
decline. However, negative estimates (with wide confidence
limits) of Redfield productivity indicate that the nitrate
content of the upper 20 metre layer increased (presumably due to

the entrainment of "new nutrients on some occasions e.g. Day 5
of Cruises A and E, see Fig.B8.4) thus complicating Redfield
productivity calculations. Nonetheless, the subsequent increase
in Redfield productivity reflects the "new" production due to
this input of new nutrients after the primary bloom in newly
upwelled water. The difference between the Redfield estimates
and the mean of 14C-uptake and particle volume estimates on Days
+3 and +4 (Fig.9.2) depicts the relative importance of "new" and
"regenerated" productivity after bloom decline, with regenerated
productivity contributing about 60% of total productivity at this

stage. During bloom build wup, however, "new" productivity

probably accounts for some 100% of the total productivity (the
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total being calculated as the mean rate for Days -2 and -1 of

14C methods), while during the "bloom

both particle volume and
peak"™ it accounts for about 80% of total productivity. Thus
"regenerated" production probably forms between 0% and 60% of
total production in Benguela coastal upwelled waters at different
stages of bloom development and decline. Probyn (1985), using
15N-uptake experiments, reports that "regenerated" productivity

accounts for about 30% of total productivity in the Benguela

shelf area.

Although bloom decline is strongly associated with low nitrate
concentrations, biomass-standardized productivity measurements
give little indication of growth being nutrient limited. This
suggests that the rapid "stripping" of nitrates and silicates
from the euphotic 2one may be a sinking "trigger" so that phyto-
plankton adapted to high nutrient concentrations sink either
slowly as vegetative <cells (until perhaps they encounter high
nutrients at the nutricline) or, rapidly as resting spores which
may form in response to adverse environmental conditions (Pitcher
1986). Low nutrients may also induce cell death, Although cell
death is difficult to quantify (Harris 1984), or even gqualitatively
substantiate in this study (the phytoplankton samples were poorly
preserved), the possibility should not be ignored. 1In any case,
biomass levels in the upper water column would decrease and the
bloom would decline, leaving a smaller biomass comprised of
phytoplankton types better adapted to lower nutrient conditions
typical of old upwelled water. The phytoplankton which sinks out
of the euphotic zone may be consumed by‘ meso-zooplankton and/or
enter the microheterotrophic food web either in the water column

or on the sea bed (Lucas et al 1986). The release of organic
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matter by living cells during photosynthesis or by dead cells,
provides suitable organic nutrients for the small.free-living
bacteria common in the euphotic zone, whereas the phytoplankton
detritus provides a subastrate for attached bacteria which are
more prevalent near the end of a bloom and below the euphotic
zone (Muir 1986). Resting spores, on the other hand, may remain
viable on the sea bed to form the seed material which may be
upwelled back into the euphotic zone +to initiate another phyto-
plankton bloom, and thus maintain local communities of diatom

species in the coastal zone (Pitcher 1986).

Bloom decline may also result from turbulent advection. Bloomns
may be dispersed by mixing with chlorophyll- and nutrient-poor
water adjacent to the tongue. However, should nutrient-rich
water be entrained, the bloom may be diluted, but the nutrient
enrichment would promote further growth and thus prolong the
bloom (e.g. Cruise A)., On the other hand, light limitation due to
deep mixing may also cause bloom decline when <carbon loss by

respiration exceeds photosynthetic production.

Comparison of phytoplankton biomass estimates calculated from
productivity measurements, with observed changes in the standing
stocks (Fig.8.5) gives some indication of the loss of primary
organic matter during the monitorirng periods. As the influence
of zooplankton grazing on this "excess production" was found to
be low (almost negligible), losses were attributed either to
phytoplankton sinking out of the upper 20 m once nitrates were
stripped from the surface layers, and/or to physical processes
dispersing the bloom. Surface waters shearing over deeper waters

may move phytoplankton in the upper euphotic zone away from the
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drogue, while turbulent advection may dilute the bloom with
phytoplankton-poor water and/or cause light limitation of product-

ion by deep mixing.

Therefore, pulsed and strongly three-dimentional upwelling in the
southern Benguela region does not necessarily result in discrete
parcels of water moving offshore with blooms developing and
declining intact. Strong shearing motions, vertical turbulence
and horizontal advection may cause considerable mixing of new and
old upwelled water, which influences the expected pattern of bloom
development. Thus, although a constant sequence of events occurs
after stabilization, there are marked discrepancies between the

potential and actual in situ standing crops.

9.6 General

Satellite imagery indicates that tongues and filaments of cool,
chlorophyll-rich water extend downstream from upwelling centres
(Shannon et al 1985). These near surface features can alter
rapidly as winds change from offshore to onshore. Wind clearly
plays a dominant role in the duration and location of phytoplankton
blooms arising from upwelling; this is not surprising considering
the relatively shallow euphotic zone common in this area, where
the bulk of the primary production occurs within the upper 10-20
metres and the thermocline depth is generally less than 25 n
(Nelson 1985). From this perspective, the southern Benguela
region probably falls between upwelling areas off Northwest
Africa, where deep mixing is reported to be an important factor
limiting primary production, and Peru, where the depth of mixing

seldom exceeds 20 m (Huntsman and Barber 1981, Barber and Smith
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1981, Dugdale and Wilkerson 1985).

Many of the phytoplankton blooms in the southern Benguela region

are dominated by chain-forming spiny diatoms (e.g. Chaetoceros)

which are not easily consumed ?y copepods (G. Paffenhoffer
pers.comm.), yYet these "weed" blooms caﬁ ‘remove much of the new
nutrient from inshore surface waters. On sinking, however, these
diatoms may provide a suitabie organic base for the microhetero-
trophic foodweb (Lucas et al 1986) in the form of dissolved or
particulate organic matter on which free-living or attached
bacteria may feed (Muir 1986). The bacteria may be consu;ed by
micro-zooplankton organisms such as tinntinids, «ciliates, fla-
gellates or other protozoans which, in turn, may form suitably-

sized food particles for wvarious stages of zoo- and ichthyo-
plankton (Beers and Stewart 1969, Hargraves 1981, Houde and
Lovdal 1984). This "alternative route" in the pelagic food web
suggests that food production is not limitgd to the euphotic
zone and consumers be provided with a greater variety of shapes,
sizes and types of food. However, losses betﬁeen trophic levels
may limit the significance of this pathway. It is certainly not
the "short food chain” that Ryther (1969) described for upwelling

regions.

Much of the area inshore of the oceanic front is remote fronm
the near-shore upwelling centres and the tongues in which the
"primary blooms" develop. In spite of this, relatively high
chlorophyll a concentrations are found right wup to the oceanic
front, i.e. way beyond +the offshore limit of drogue movement in
this study. Regenerated nutrients may, of oourse, support a

moderate and more stable biomass of phytoplankton in aged upwelled
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waters, the succeeding species possibly being &a more suitable
base for the zooplankton-pelagic fish food chain. However it is
also likely that turbulence, due to wind mixing (which may increase
with distance from shore) (Kamstra 1985), shear (resulting from
the wind dragging surface water offshore), internal waves,
shelf-edge upwelling, etc. may entrain nutrients into the euphotic
zone. These new nutrients would help fuel primary productivity at

a level necessary to maintain both the dominance of diatoms in
the shelf region (D. Horstman, SFRI, unpublished data) and the
relatively high chlorophyll concentrations apparent over the
outer shelf in satellite images and extensive ship surveys
({Andrews and Hutchings 1980, Shannon et al 1984). Suitable
conditions for phytéplankton growth in this system after the
"primary bloom” may thus be provided by alternation of turbulent
and stable water columns (Legendre 1981), and by nutrient regenera-

tion by micro- and meso-heterotrophic organisms.

Realization of the potential phytoplankton crop and its partition-
ing into different trophic pathways is clearly a major deficit in
our knowledge of food chain dynamics in the Benguela region.
Attention is presently being channelled in this direction. This
study has focussed on the initial stages of the production cycle,
to provide realistic values of primary production and phytoplankton
bloom development in a wide wvariety of conditions, and has
provided greatly improved 1insight into the mechanism whereby
injections of new nutrients at discrete wupwelling sites are
disseminated as phytoplankton particles in the coastal waters of
the southern Benguela. For any realistic ecosystem budget to be
drawn up, however, a larger area needs to be considered. Spatial

and temporal (short-term and seasonal) distribution patterns of
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chlorophyll pigments (apparent in satellite imagery), should
be combined both with the nutrient (or possibly temperature)
status of the upper water column and the measurements of primary
productivity rates reported in this thesis, to provide more
realistic estimates of total primary production in the Benguela
ecosystem. The classical approach of estimating primary produc-
tivity from the total amount of nutrients available to the
phytoplankton for photosynthesis in the euphotic zone (and from
the increase in dissolved oxygen), has been combined with "bottle"
techniques, based on 14C—uptake and increases in particle volunme,
to obtain independantly derived estimates of phytoplankton
production in newly upwelled water. Moreover, the study has been
repeated five times to gain some insight of the wvariation in
primary production and phytoplankton bloom development in upwelled

water in the southern Benguela region.
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