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Abstract

The southern Namaqua shelf, north of the Cape Columbine upwelling center, is particularly prone to red tide.
Two influences of the surface boundary layer on the development of red tide in this area were investigated—the
dynamics of the upper mixed layer in determining phytoplankton community composition and the role of
mesoscale circulation in bloom concentration and transport. Two survey periods (18 February—11 March 2000
and 13-30 March 2001) are reported during which red tide, dominated by the dinoflagellate Gyrodinium zeta,
formed in the area. A high degree of concordance between characteristics of stratification and groupings of
phytoplankton demonstrated the importance of the upper mixed layer in determining species or life-form selection
and development. Ordination of across-shelf phytoplankton samples revealed a consistent banded pattern,
created by a wind-induced upwelling plume, tending to isolate a nearshore zone from an offshore domain, thereby
creating an area of retention on the coastal side of the plume, favoring development of dinoflagellate blooms. The
appearance of red tide was clearly associated with increasingly stratified conditions driven by alongshore flow
from the north, following periods of wind relaxation and consequent reversal of surface currents.

The southern Benguela upwelling system forms part of
one of four major eastern boundary current regions of the
World Ocean. Here, a range of dinoflagellate species is
responsible for toxic or otherwise harmful blooms (Pitcher
and Calder 2000). These blooms, often referred to as red
tides, are common during the latter part of the upwelling
season, when the wind moderates and insolation is still
strong, causing seasonal stratification to increase. Their
accumulation inshore and the formation of red tide is
thought to be driven by synoptic weather patterns, which
dictate the across-shelf and alongshore movement of
blooms (Pitcher et al. 1995; Pitcher and Boyd 1996). Red
tide has therefore been closely related to the prevailing
winds of the region, which govern most hydrodynamic
processes on the continental shelf (Pitcher et al. 1998).
These observations are considered to reflect the conse-
quences of two important influences of the surface
boundary layer on the development of red tide: the
dynamics of the upper mixed layer in determining species
selection and development and the role of mesoscale
circulation in bloom retention and advection.

In the southern Benguela, three upwelling centers may be
distinguished, all of which coincide with a narrowing of the
shelf: the Namaqua (30°S), Cape Columbine (33°S), and
Cape Peninsula (34°S) upwelling centers (Fig. 1). The
region to the north of the Cape Columbine cell is
particularly susceptible to red tide formation and its
negative impacts, and a historical perspective of faunal
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mortalities associated with red tides in this region is given
by Cockcroft et al. (2000). Here topographic and bathy-
metric features alter current patterns and mixing regimes,
features considered important in the development of red
tide. The shelf broadens to the north of Columbine,
favoring stratification and stability of the water column.
Airborne radiometer studies within this region have
identified upwelling off Cape Columbine and along the
coast north of Dwarskersbos (Jury 1985; Taunton-Clark
1985). Under conditions of upwelling, an equatorward
coastal jet is formed off the Columbine headland, but wind
stress shear promotes clockwise circulation within St.
Helena Bay (Jury 1985), thereby favoring retentive, near-
surface circulation patterns within the region (Holden 1985;
Penven et al. 2000). Alongshore variability of flow,
considered to play a dominant role in driving the south-
ward advection of phytoplankton blooms, is thought to be
associated with barotropic flow inshore generated by
coastally trapped waves over the southern Namaqua shelf
with periods of 3 to 6 d (Lamberth and Nelson 1987;
Probyn et al. 2000; Weeks et al. 2004).

Although the causes of shifts in phytoplankton commu-
nity structure favoring flagellate taxa and their blooms
have yet to be resolved (Smayda and Reynolds 2001),
stratification is often recognized as a precondition for the
proliferation of dinoflagellates, which are considered
particularly susceptible to turbulence but well adapted to
lower-energy, stratified conditions (Cullen and Maclntyre
1998; Estrada and Berdalet 1998). This study specifically
investigates the dynamics of the upper mixed layer favoring
the development of red tide on the southern Namaqua shelf
by relating phytoplankton community composition to the
degree of stratification of the surface layer. Those processes
driving spatial and temporal changes in the upper mixed
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Fig. 1. Map depicting positions of across-shelf (S2-S14) and

alongshore (E1-E7) stations off Lambert’s Bay on the southern
Namaqua shelf.

layer characteristics, responsible for changes in the
community composition, are also assessed.

Blooms of dinoflagellates are observed to appear in
coastal environments of the Benguela far more rapidly and
to reach concentrations far higher than can be explained by
local growth. It is therefore important to examine these
blooms from a quantitative population dynamics perspec-
tive that includes not only the population in the region of
potential impact but also the dynamics of the broader
populations from which they may originate. In some cases
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it is therefore appropriate to consider the local population
in the region of interest as an integral part of a much larger
population, while in other cases it is useful to consider the
population as being of limited spatial extent and to examine
the advection of that population in a Lagrangian manner.
However, the lack of coincident data on water movements
and phytoplankton populations has prevented investigators
from establishing the role of physical transport in the local
development and composition of red tides. This study thus
further undertook the simultaneous measurement of
currents with observations of bloom formation, thereby
identifying and quantifying the across-shelf and alongshore
currents associated with the formation of blooms.

Methods

The fieldwork was conducted off Lambert’s Bay, north
of the Cape Columbine upwelling center (Fig. 1). Two
survey periods are reported, 18 February—11 March 2000
and 13-30 March 2001. During these surveys, the inshore
stations (S2, S3, and S4) of an across-shelf transect were
sampled daily. The entire across-shelf transect comprising
14 stations (52 km) and an alongshore transect comprising
seven stations (44 km) were sampled occasionally.

Wind velocity was recorded from a meteorological
station situated in the Cape Columbine region. A 300-
kHz Acoustic Doppler Current Profiler was used to
measure earth-referenced currents at each station. During
the 2001 survey, two Anderaa current meters were moored
at station S3, at 10- and 35-m depth. A Sea Bird CTD and
Wetstar fluorometer were used to profile the water column
for temperature and fluorescence. Samples for nitrate,
chlorophyll a (Chl a), and phytoplankton analysis were
collected from discrete depths. Nitrate samples were frozen
and later analyzed according to the methods of Mostert
(1983). Chl a samples were analyzed by fluorometric
analysis as detailed by Parsons et al. (1984), and extracted
chlorophyll values were used to calibrate in situ fluores-
cence profiles. Samples for phytoplankton analysis were
fixed in buffered formalin and enumerated by the Utermohl
method (Hasle 1978).

The vertical stability of the water column was described
in terms of a stratification index (S7), which was calculated
as follows:

dt
[ = —D/T,
s a’z/A

The temperature gradient dt/dz at the base of the upper
mixed layer was chosen as a surrogate for stability. With
dimensions of °C m~!, it was multiplied by the depth of the
mixed layer (D, measured as the transition point in the
second derivative (%)) and divided by the surface
temperature (7)) to make it dimensionless. This stratifica-
tion index is preferred to more conventional measures, such
as the Brunt-Viisila frequency, as it intrinsically takes into
account the development time associated with upwelling
events and associated changes in the phytoplankton
community structure.
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Algal community structure was quantified by classifica-
tion analysis based on phytoplankton cell counts. The
computer software package PRIMER (Plymouth Routines
In Multivariate Ecological Research) was used in the
assessment of community structure (Clarke and Warwick
2001). Classification analysis was used to group samples
of similar phytoplankton composition. Root-root trans-
formed abundance data, expressed in terms of number,
were classified using the Bray—Curtis measure of similarity
and group average sorting. In the resulting dendrograms,
groups of samples were distinguished at arbitrary similarity
levels. The species principally responsible for determining
the sample groupings in the cluster or ordination analyses
were identified by partitioning the contributions from each
species to the separation of pairs of clusters. Ordination of
samples by multidimensional scaling allowed the mapping
or configuration of samples, attempting to satisfy all the
conditions imposed by the rank similarity matrix, in two
dimensions. Multidimensional scaling plots provide a clear
indication of whether some groups in the cluster analysis
are merely arbitrary subdivisions of a natural continuum.
Community analyses were linked to the physical environ-
ment by superimposing the Stratification Index onto
ordination plots, the degree of concordance between the
index and the groupings of phytoplankton samples in-
dicating the strength of linkage.

Results

Observations made during the survey periods 18
February—11 March 2000 and 13-30 March 2001 are
reported. Red tide dominated by a small previously
unrecorded dinoflagellate, Gyrodinium zeta, formed inshore
off Lambert’s Bay during both the 2000 and the 2001 time
series. G. zeta is a small (12-16 ym long, 11-15 ym wide)
autotrophic dinoflagellate described by Larsen (1996). Cells
contain several irregularly disc-shaped chloroplasts, and
the outline of the cell is oval or obliquely oval in
longitudinal section with the right part of the hyposome
slightly larger than the left. No accounts of toxicity have
been ascribed to G. zeta, and the observations off
Lambert’s Bay constitute the first reports of red tide
attributed to this species.

18 February—11 March 2000: Inshore time series—The
importance of local wind events in governing the observed
hydrography and phytoplankton populations of the in-
shore environment is clearly evident from the 2000 time
series (Fig. 2). Sea surface temperatures were tightly
coupled to changes in the wind. Southerly winds dominated
the time series but were interspersed with periods of wind
relaxation or reversal each of which was associated with
a rapid increase in sea surface temperature and phyto-
plankton biomass and shifts in phytoplankton composi-
tion. In addition to the observed temporal variability,
considerable spatial variability was observed between the
inshore station (S2) and the outer station (S4). Daily
surface phytoplankton assemblages at station S3 revealed
three groupings of samples for the 23-d time series
(Fig. 2d), which were closely aligned to hydrographic
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Fig. 2. Inshore time series for 18 February—11 March 2000 of
(a) hourly alongshore wind, and (b) mean temperature (°C), and
(c) mean chlorophyll « (mg m~—3) in the upper 5 m of the water
column at stations S2, S3, and S4. Daily surface phytoplankton
samples from station 3 were grouped by means of a (d) dendro-
gram using group-average clustering from Bray—Curtis similarities
on root-root—transformed abundance data.

observations. Assemblages of the first 8§ d (18-25 February)
were characterized by the dominance of diatom species of
the genera Pseudo-nitzschia and Chaetoceros and Skeleto-
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nema costatum. On 26 February, the assemblage changed to
one dominated by dinoflagellates. Particularly prominent
was the small dinoflagellate G. zeta and Ceratium lineatum,
Dinophysis acuminata, two species of Prorocentrum, and
Ceratium furca. Although the diatom community reap-
peared on 27 February, the dinoflagellate assemblage
returned the following day, on 28 February, and persisted
until 07 March. During this period, red tide developed
inshore on two occasions, 29 February and 04 March, with
concentrations of G. zeta exceeding 40 X 109 cells L—1.
These blooms corresponded to periods of wind relaxation
and inshore Chl a concentrations exceeded 80 mg m—3. The
final 4 d of the time series, from 08 to 11 March, were
associated with the return of strong southerly winds, colder
water, and declining levels of phytoplankton biomass,
dominated once again by species of diatoms.

During this time series, four across-shelf transects (22
and 25 February and 03 and 08 March) and a single
alongshore transect (23 February) were sampled placing the
time series within a spatial context.

Across-shelf transect: 22 February 2000—Upper mixed
layer characteristics varied over the length of the transect,
and although sea surface temperatures were cooler inshore
(<14°C), the outer half of the transect was characterized by
deeper mixing (Fig. 3). This variation in the upper mixed
layer corresponded to changes in phytoplankton biomass
and assemblage. Phytoplankton biomass was considerably
higher (>20 mg Chl ¢ m~3) at the inner stations (S2-S8).
These stations grouped together in terms of their species
composition in a mixed assemblage, dominated by diatoms
of the genus Pseudo-nitzschia and by the small dinoflagel-
late G. zeta. Few dinoflagellates were found further
offshore, where two diatom communities were distin-
guished. Species of Pseudo-nitzschia and Thalassiosira were
prominent at stations S9-S11, whereas species of the genus
Chaetoceros and S. costatum dominated at stations S12—
S14. In this instance, current patterns, as discerned from
current profiles at each station along the transect, did not
provide an entirely coherent picture. The inner stations
were characterized by northward flow (>10 cm s—1!) at the
surface. Offshore surface flow (>20 cm s—!) dominated the
middle stations, while weak onshore flow was observed at
the outer two stations. Strong current shear was evident at
approximately 25-m depth at most stations. At the outer
stations, the bottom water was dominated by southerly
flow. Weak onshore flow was detected further inshore, with
northward bottom flow present at the inner stations.

Alongshore transect: 23 February 2000—Alongshore
observations to the north of Lambert’s Bay (Fig. 4)
revealed considerable hydrographic and biological vari-

-
Fig. 3. Offshore transect 22 February 2000. Vertical sections
derived from profiles at Stations S2-S14 of (a) temperature (°C),
(b) chlorophyll ¢ (mg m—3), and (c) current vectors (cm s—1).
Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray—Curtis
similarities on root-root—transformed abundance data.
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Fig. 4. Alongshore transect 23 February 2000. Vertical

sections derived from profiles at Stations E1-E6 of (a) temper-
ature (°C) and (b) chlorophyll ¢ (mg m—3). Daily surface
phytoplankton samples were grouped on the basis of phytoplank-
ton species abundance. Ordination of phytoplankton samples by
multidimensional scaling was based on root-root-transformed
abundances and Bray—Curtis similarities (c). Fonts of increasing
size reflect increasing stratification of the water column.

ability exceeding that observed across-shelf the previous
day (Fig. 3). A very high biomass bloom (>100 mg Chl «
m—3) characterized the warmer stratified waters of the
northern stations. Ordination of the phytoplankton sam-
ples by multidimensional scaling revealed two clusters of
samples, a southern community dominated by diatoms
belonging to the genus Pseudo-nitzschia and a northern
community dominated by the small dinoflagellate G. zeta.
These community analyses were linked to the physical
environment by superimposing an index of water column
stratification, the results clearly indicating the association
of the G. zeta bloom with highly stratified waters. Location
of the bloom inshore to the north of Lambert’s Bay on 23
February indicated in all likelihood that the bloom off
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Lambert’s Bay on 29 February did not originate offshore
but rather from the north and was therefore a consequence
of poleward flow inshore.

Across-shelf transect: 25 February 2000—Vertical sec-
tions of sea temperature and phytoplankton biomass on 25
February (Fig. 5) showed many similarities to those
observations made on the 22 February (Fig. 3). Although
sea surface temperatures were again marginally lower
inshore (<14°C), mixing within the upper layer was more
prevalent offshore. Phytoplankton biomass was higher
inshore of station 10 (>20 mg Chl ¢ m—3). Diatoms
dominated all surface samples, and four groupings were
identified that appeared to reflect current flow patterns in
that assemblages were associated with current flow in
a particular direction. Current flow was weak at station S2,
where the diatom Skeletonema costatum dominated, with
high concentrations of the dinoflagellates C. lineatum and
C. furca. Chaetoceros species dominated stations S3-S9,
where flow was entrained into a northward current
(>20 cm s~ !) centered at stations S4 and S5. Pseudo-
nitzschia species dominated stations S10 and S11, where
flow was onshore (>30 cm s—!). The outer stations (S12-
S14) were discerned by offshore and southward flow and
the prominence of Thalassiosira species. Current shear was
again conspicuous between 20- and 25-m depth, with
southwesterly flow dominating the cold bottom water.

Across-shelf transect: 03 March 2000—Red tide
(>100 mg Chl ¢ m—3) dominated by G. zeta was located
inshore at stations S2 and S3 (Fig. 6) following the reversal
of winds (Fig. 2). Cluster analysis of surface phytoplankton
revealed a diatom population dominated by Chaetoceros
species and S. costatum offshore of the dinoflagellate
population dominated by G. zeta, C. lineatum, and D.
acuminata. Strong onshore flow (>25cm s~1) of the
surface water was evident at the outer stations. Moving
inshore, the northward component of the surface flow
(>25 cm s~ 1) increased, and strong northward flow was
centered at stations S4 and S5. Stations S2 and S3 were
characterized by reduced flow, and at station S2 flow was
reversed. The red tide was thus associated with a very
narrow band of southward flow inshore, having been
forced inshore by strong onshore and northward flow at
the outer stations. Again, strong shear was evident at
approximately 20-m depth, and southwesterly flow domi-
nated in deeper water.

Across-shelf transect: 08 March 2000—Sampling fol-
lowed the resumption of upwelling winds resulting in the
cooling of inshore waters (Fig. 7). A lens of warm surface
water separated the cooler inshore stations from cooler
offshore water. Clustering of phytoplankton assemblages
with observed current patterns was again evident. The
inshore stations (S2-S8) were dominated by dinoflagellates,
whereas diatoms dominated the offshore stations (S9-S14).
The core of the bloom was now located further offshore
and associated with strong northward flow (>25 cm s—1)
centered at stations S6 and S7. The highest biomass
(>20 mg Chl ¢ m—3) thus appeared to be located in an
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area of convergence of onshore flow at the outer stations
and offshore flow at the inner stations. Offshore flow
dominated the deeper water.

13-30 March 2001: Inshore time series—The first half of
the 2001 time series was dominated by southerly winds
(Fig. 8), and peaks in these upwelling-favorable winds
corresponded to particularly low sea surface temperatures
inshore (13, 16-18, and 20-21 March 2001). The latter half
of the time series was marked by an extended period of
wind relaxation or reversal that corresponded to strong
downwelling and warming of the surface waters. Three
groupings of surface phytoplankton samples collected daily
from station S3 could be distinguished (Fig. 9a). The first
group (13, 17, 18, and 20-22 March) reflected the
assemblages present in cold water following upwelling
and was distinguished by low cell concentrations in which
Thalassiosira species were prominent. The second group of
phytoplankton samples (14-16, 19, 23, and 24 March 2001)
appeared to be characterized by intermediate cell compo-
sition and concentrations. Although species of Thalassio-
sira were still prominent, the small dinoflagellate G. zeta,
present during the study in 2000, dominated the samples
and was principally responsible for this grouping. The third
group of phytoplankton samples (25-30 March) character-
ized the warm period, during which red tide developed
inshore. Samples were dominated by G. zeta with surface
cell concentrations attaining 22 X 106 cells L—! and 30 X
106 cells L—! on 25 and 29 March, respectively. The
Thalassiosira species common in the former groups were
virtually absent from this group.

The community analyses were again linked to the
physical environment by superimposing an index of water
column stratification on the ordination of daily phyto-
plankton samples (Fig. 9a). The high degree of concor-
dance between the stratification index and the groupings of
phytoplankton clearly demonstrated the importance of the
upper mixed layer in determining species or life-form
selection and development. These groups were also clearly
identified in their environment as defined in terms of
mixing and nutrient availability (Fig. 9b). The Thalassio-
sira-dominated community was characterized by a low
index of stratification and high nutrient availability, the
samples of intermediate composition were characterized by
intermediate values, and the red tide dominated by the
bloom of G. zeta was characterized by a high index of
stratification and lower availability of nutrients.

Current meters deployed at station S3 at 10- and 35-m
depth provided a useful account of current flow during the
development of red tide (Fig. 10). The average current
velocity during the study was notably higher at 10 m
(10.8 cm s—1) compared to that at 35 m (7.0 cm s—1!). Flow

-
Fig. 5. Offshore transect 25 February 2000.Vertical sections
derived from profiles at Stations S2-S14 of (a) temperature (°C),
(b) chlorophyll ¢ (mg m—3), and (¢) current vectors (cm s—1).
Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray—Curtis
similarities on root-root-transformed abundance data.
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at this inshore station was found to be predominantly
barotropic and southward, again indicting that the G. zeta
bloom had been introduced from the north. The observed
southward displacement or advection of the bloom during
the course of the study averaged 6.5 km d—!. Although
alongshore flow dominated currents, strong onshore flow
from 20 to 24 March introduced the bloom to the coastal
environment. During this period the bloom was advected
shoreward at a rate of 3.8 km d—!. This period of onshore
flow separated diatom domination of the inshore popula-
tion during the first half of the time series from di-
noflagellate domination of the phytoplankton during the
latter half of the study.

Two across-shelf transects were sampled during this time
series, on 16 and 24 March 2001, again placing the time
series within a spatial context.

Across-shelf transect: 16 March 2001—Sampling fol-
lowed a period of sustained upwelling-favorable winds.
Consequently, cold water (<12°C) was observed inshore,
and the highest phytoplankton biomass (>20 mg Chl
a m~3) was associated with the upwelling front centered
at station S6 (Fig. 11). Northward flow dominated the
surface water at all stations, although an offshore
component to the flow was observed at the inner stations
and an onshore component at the outer stations. Surface
phytoplankton samples clustered into two groups, an
inshore group (stations S2-S7) dominated by the small G.
zeta and several species of Thalassiosira and a group of
outer stations (S8-S14) in which there was a marked
decline in G. zeta concentrations. Surface current velocities
were highest (>20 cm s—1) at these outer stations. Strong
shear was evident in the region of the thermocline with
southerly flow dominating the bottom water.

Across-shelf transect: 24 March 2001—Stratified condi-
tions were observed following the onset of a period of wind
relaxation and reversal (Fig. 12). Surface water exhibited
particularly strong onshore flow (>40 cm s—!) at the outer
stations and weaker offshore flow at the inner stations,
entrained in northerly flow centered at stations S7-S9. The
highest phytoplankton biomass (>30 mg Chl ¢ m—3) was
accumulated inshore of this core flow between stations S5
and S7. Phytoplankton samples were again clustered along
an onshore—offshore continuum. The inner stations (S3 and
S4) were characterized by notably higher concentrations of
G. zeta.

Discussion

The development of red tide during the two time series of
observations (18 February-11 March 2000 and 13-30

-
Fig. 6. Offshore transect 03 March 2000.Vertical sections
derived from profiles at Stations S2-S10 of (a) temperature (°C),
(b) chlorophyll ¢ (mg m~—3), and (¢) current vectors (cm s—1).
Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray-Curtis
similarities on root-root-transformed abundance data.
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water column at stations S2, S3, and S4.

March 2001) at station S3 off Lambert’s Bay provided
insight into the upper mixed layer conditions favoring
dinoflagellates and the advective regime responsible for the
shoreward accumulation of blooms.

Life-forms and upper mixed layer dynamics

The causes of shifts in phytoplankton community
structure favoring flagellate taxa and their blooms remain
poorly resolved (Smayda and Reynolds 2001). The
composition of phytoplankton communities is considered
to reflect two fundamental selection features, notably, life-
form and species-specific selection, and the importance of
small-scale physical processes in effecting selection is

P
Fig. 7. Offshore transect 08 March 2000. Vertical sections
derived from profiles at Stations S2-S14 of (a) temperature (°C),
(b) chlorophyll ¢ (mg m—3), and (¢) current vectors (cm s—1).
Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray—Curtis
similarities on root-root-transformed abundance data.



2668
21 24 25
23
20 16
2
1915
18
17
14 a
13
- — . : . .b ]
20  18*
30 b + + -
™ i 21 ]
g 2 ¥ 9 17
g 20 | + 7 1
s U 23 14 1
a -]
T 29 4
Gle 27 55°
a
st ; 24 19 728" ]
25 26
0} * *

0.08 0.12 0.16 0.20 0.24 0.28 0.32

Stratification index

Fig. 9. Daily surface phytoplankton samples from station
S3, for the period 13-30 March 2001, were grouped on the basis of
phytoplankton species abundance. Ordination of phytoplankton
samples by multidimensional scaling (a) was based on root-root—
transformed abundances and Bray-Curtis similarities. Fonts of
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in their environment as defined in terms of mixing and nutrient
availability (b).

observed in the vertical dimension (i.e., dynamics of the
upper mixed layer). Thus, changes in water column
stratification and mixing depth are known to be important
by altering competitive conditions through changes in light
and nutrient availability. Because of these factors, stratifi-
cation was identified during this study as a habitat feature
operative in regulating spatial and temporal differences in
phytoplankton assemblages by clustering taxa with shared
features. These observations are consistent with the
conceptual model of Margalef (1978), in which functional
groups of phytoplankton, sharing various life-form prop-
erties, are variously adapted to a turbulent environment,
defined in terms of nutrient availability and turbulence.
The model therefore combines the interactive effects of
habitat mixing and nutrient conditions on the selection of
phylogenetic morphotypes. In this context, the typical
phytoplankton succession, from fast-growing diatoms to
motile dinoflagellates, is driven by changes leading from
a well-mixed, nutrient-rich water column to a nutrient-poor
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Fig. 10. Inshore time series for 13-30 March 2001. Vertical

sections derived from daily profiles at station S3 of (a)
temperature (°C) and (b) chlorophyll @ (mg m—3) and progressive
current vectors from (c) 10- and (d) 35-m depth.

stratified environment as observed in this study (Fig. 9b).
Diatom- and dinoflagellate-dominated communities on the
southern Namaqua shelf tend therefore to be spatially and
temporally segregated and predictable in terms of their
response to different regimes of turbulence. The introduc-
tion off Lambert’s Bay of red tide dominated by G. zeta in
both 2000 (Fig. 2) and 2001 (Fig. 10) was clearly associated
with the introduction of warmer water and increasingly
stratified conditions. Similarly, both across-shelf (Fig. 3)
and alongshore (Fig. 4) transects revealed the association
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of dinoflagellate-dominated assemblages with more strat-
ified environments. These observations demonstrated an
ability to describe the sequence of phytoplankton domi-
nance across temporal and spatial sequences of water-
bodies.

Complex wind and current flow patterns induced by
Cape Columbine resulted in unexpected spatial patterns in
the upper mixed layer characteristics and in the consequent
distribution of phytoplankton. Ordination of the surface
phytoplankton samples from each of the across-shelf
transects revealed a very consistent banded pattern, with
dinoflagellates typically dominating inshore of diatom-
dominated assemblages (Fig. 13). In most cases this
distinction of an inshore dinoflagellate community corre-
sponded approximately to the inner half of the transect.
These patterns correspond in turn to an offshore deepening
of the surface mixed layer (Fig. 14) considered to be driven
by strong wind-stress shear in this region (Jury 1985). As
expected, from the distribution of phytoplankton, changes
in surface mixed layer depth appeared greatest midtransect.
Increased wind mixing and greater shear instabilities at the
base of the mixed layer, due to stronger surface currents,
are considered to enhance entrainment and deepen the
mixed layer offshore.

Although prediction of precise community composition
is presently unlikely, as the predictability of individual
species is consistent with stochastic selection in that species
are often selected as a result of fortuity of presence, the
formulation of functional groups does provide the potential
for limited prediction because of the distinctive ecophysi-
ological properties of various life forms significant to their
bloom dynamics, habitat selection, and successions.
Smayda and Reynolds (2001) have thus distinguished the
habitat preferences of dinoflagellate bloom species along
a continuum of progressively decreasing nutrient levels,
increasing inertia of water masses against mixing, and
deepening of the stratified layer. They claim success in
distinguishing nine types of harmful algal bloom events
reflecting an array of harmful algal bloom species with
distinct morphotype features and specific habitat prefer-
ences along an onshore—offshore mixing-nutrient gradient.
Their Type I species are considered to occur in relatively
shallow, highly nutrient-enriched habitats having reduced
water-mass exchange with offshore waters, and the pre-
dominant dinoflagellate blooms tend to be those of small to
intermediate-sized gymnodinioid species. Intermediate-
sized peridinians (Scripsiella trochoidea) and prorocen-
troids (Prorocentrum micans) characterize Type II species
found in habitats where nutrient levels are somewhat lower
but still elevated. Type III blooms of morphologically
complex ceratians extend offshore into stratified coastal
waters but remain responsive to nutrient loading. They

-
Fig. 11. Offshore transect 16 March 2001. Vertical sections
derived from profiles at Stations S2-S14 of (a) temperature (°C),
(b) chlorophyll ¢ (mg m—3), and (¢) current vectors (cm s—!).
Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray—Curtis
similarities on root-root-transformed abundance data.
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Fig. 12. Offshore transect 24 March 2001. Vertical sections
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Surface phytoplankton samples were grouped by means of a (d)
dendrogram using group-average clustering from Bray-Curtis
similarities on root-root—transformed abundance data.
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develop during late summer or autumn in temperate coastal
habitats and often culminate in anoxia. Type IV species are
adapted to the increased velocities associated with frontal
zones (Gymnodinium mikimotoi, Alexandrium catenella),
Type V species are adapted to the dampened but still
elevated vertical mixing during relaxations in coastal
upwelling (Gymnodinium catenatum, Lingulodinium poly-
edra), and Type VI assemblages are typically entrained
within coastal currents (Gymnodinium breve, C. furca).
Type VII species are characterized by the dinophysoids,
which appear to represent transitional life forms, tolerating
coastal upwelling sites but also common in offshore coastal
waters of lower nutrient levels and more pronounced
seasonal stratification. Two dinoflagellate life-form types
are recognized within the very oligotrophic, highly strati-
fied, and deepened trophogenic zone of the subtropical and
tropical oceanic provinces—Type VIII, a tropical oceanic
flora (Ornithoceros spp.), and Type IX (Pyrocystis spp.),
a tropical shade flora—both characterized by very large
ornamented dinoflagellates.
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Fig. 13. Ordination of surface phytoplankton samples along

each of the offshore transects by multidimensional scaling based
on root-root-transformed abundances and Bray—Curtis similari-
ties. The consistent distribution of an inshore and offshore
grouping of phytoplankton assemblages is demarcated.
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Fig. 14. Surface mixed layer depth along each of the offshore

transects. Mixed layer depth is defined here as the maximum
depth over which the observed temperature is within 1°C of
the water temperature observation closest to the surface
(<1-m depth).

This and other studies (Horstman 1981; Pitcher and
Calder 2000) have identified a variety of bloom-forming
dinoflagellate species on the southern Namaqua shelf
representing a range of life-form types (I-VII): Akashiwo
sanguinea, A. catenella, Ceratium dens, C. furca, C.
lineatum, D. acuminata, Gonyaulax polygramma, G. zeta,
Noctiluca scintillans, Prorocentrum balticum, P. micans,
Prorocentrum triestinum, Protoceratium reticulatum, and S.
trochoidea. These observations tend therefore to indicate
a high degree of overlapping and intergrading of the traits
or preferences of Type I-VII species and/or a diversity of
habitats on the southern Namaqua shelf in terms of their
nutrient-mixing characteristics, incorporating nearshore,
coastal, and shelf environments and fronts, coastal
currents, and upwelling events. Therefore, prediction,
based on the physical environment, beyond the switch
between diatoms and dinoflagellates, is not easily achieved.
It may be that the diversity of dinoflagellates on the
southern Namaqua shelf is explained not by external
factors alone but by the dynamics of competition between
species. Modeling by Huisman and Weissing (1999) has
shown, for example, that competitive interactions may
generate oscillations and chaotic behavior of species
abundances, thus allowing the persistence of a greater
diversity of competitors.

Advective control of blooms

The analysis of spatial and temporal patterns in
planktonic ecosystems differs fundamentally from that in
benthic or terrestrial ecosystems because, by definition,
planktonic organisms are passively transported around by
the fluid medium in which they exist. The first attempts to
explain horizontal patterns in the distributions of plank-
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tonic organisms (Skellam 1951; Kierstad and Slobodkin
1953) considered the coupled effects of biological growth
and physical fields of flow. Many other explanations have
followed incorporating at one extreme those of Gower et al.
(1980) that consider the phytoplankton as a passive scalar
being advected about by variable ocean currents. Ultimate-
ly, physical and biologically processes are tightly coupled,
and it is often difficult to discern their individual effects on
species successions and changes in biomass and production.

Donaghay and Osborn (1997) combined fluid continuity
equations with a conservation equation for population
dynamics to quantify the role of biological and physical
processes in the population dynamics of harmful algae
and in their potentially harmful impact. The change in
concentration of phytoplankton in a given parcel of water
is given by a term for the biological generation and
disappearance of phytoplankton (the net growth rate,
which equates to the sum of the rate of cell division and
the rate of mortality) and by a term for the motion of
phytoplankton relative to the water (either convergent or
divergent). However, the change in concentration of
phytoplankton at a fixed point must also include a term
for advection. This advective term may be an important
source of variation with time, and it is important not to
interpret the appearance of a bloom as the result of rapid
growth of a local population when it is in fact the result of
advection from elsewhere. Physical processes are therefore
fundamental to the transport, concentration, and dissipa-
tion of harmful blooms.

The importance of advective processes dictated by
meteorological forcing in controlling rapid shifts in the
biomass and species composition of the inshore phyto-
plankton community of the southern Benguela has been
previously demonstrated (Pitcher et al. 1996, 1998) and is
again clearly apparent from the findings of this study. Both
the 2000 and the 2001 time series demonstrated the role of
alongshore poleward flow in the introduction of the G. zeta
bloom off Lambert’s Bay. In 2000, an alongshore transect
revealed the presence of the bloom to the north of
Lambert’s Bay 6 d prior to its introduction off Lambert’s
Bay, while across-shelf transects revealed the absence of G.
zeta offshore. In 2001, the deployment of current meters at
station S3 revealed the dominance of poleward and onshore
flow in the introduction of G. zeta off Lambert’s Bay. Also
evident from these time series was the rapidity at which
blooms can be introduced, concentrated, and dissipated
from any single station. Observations of greater alongshore
physical and biological variability (Fig. 4) than that
observed across shelf (Fig. 3), and knowing that alongshore
flow dominates coastal currents, substantiates the impor-
tance of alongshore flow in determining these rapid
changes in the composition of the phytoplankton. The
appearance of red tide was clearly associated with in-
creasingly stratified conditions, driven by alongshore flow
of warmer water from the north, following periods of wind
relaxation and consequent reversal of surface currents. The
ability to predict red tide in inshore coastal waters is
therefore dependent on understanding the mechanisms that
control the transport and, to a lesser extent, the dynamics
of blooms in offshore waters.
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Role of coastal topography in the distribution and
transport of blooms

Whereas continental shelf bathymetry and equatorward
winds provide large-scale upwelling mechanisms, variable
local topography and meteorology create complex time-
and space-dependent three-dimensional circulation. Con-
sequently, the existence of pronounced capes or headlands
and coastal embayments has been considered to give rise to
upwelling shadows where phytoplankton can be accumu-
lated through different retention mechanisms (Graham and
Largier 1997; Roughan et al. 2005). Physical evidence for
increased retention within bays associated with headlands
is provided by the presence of warmer water in the bay,
a lag between change of water temperature inside and
outside the bay, increased water column stratification in the
bay, or a reversal of current direction in the bay from pre-
dominant flow. The area downstream of Cape Columbine,
incorporating the greater St. Helena Bay region, is clearly
characterized by warmer water and higher phytoplankton
biomass, as identified from remotely sensed NOAA
AVHRR and SeaWiFS ocean color data, respectively
(Pitcher and Weeks 2006). Here phytoplankton biomass
is highest during the latter half of the upwelling season,
when the contribution of dinoflagellates to the phytoplank-
ton community is greatest and the region is particularly
prone to harmful blooms. These areas may also favor
bloom initiation, as they may allow species to reach thres-
hold cell concentrations for bloom development and may
function as sedimentary basins accumulating benthic cysts
that will later serve as bloom innocula (Joyce et al. 2005).

Wind-driven circulation is well known to be important in
the transport of harmful blooms in many parts of the
world, but trying to understand the effects of temporally
fluctuating and spatially variable winds in complicated
coastal regions with capes, bays, and subsurface topogra-
phy is a challenging problem. Nevertheless, observations
during this study have allowed better conceptualization of
the processes important to the development of harmful
blooms in the greater St. Helena Bay region (Fig. 15) and
are supported by the barotropic model of Penven et al.
(2000) in the simulation of a coastal jet retention
mechanism.

During upwelling (Fig. 15a), alongshore currents form
a coastal jet that is interrupted by the topographic
discontinuity of Cape Columbine. Although cyclonic
curvature of the wind into St. Helena Bay is considered
to influence the orientation of the coastal jet (Taunton-
Clark 1985), the jet is separated from the coast to the north
of the Cape. The predominantly northward flow adjacent
to the Columbine headland, where the shelf is narrow and
steep, has been observed by means of both drift-card
returns (Duncan and Nell 1969) and radio-tracked drifters
(Holden 1985). To the north of Cape Columbine, the bottom
relief is more gently sloping and featureless, the bathymetric
influence is less conspicuous, and although the surface drift
is predominantly northerly, across-shelf, tidal, and inertial
flow is more evident. In addition to the upwelling off Cape
Columbine, a narrow band of upwelling may extend along
the coast to the north of Dwarskersbos (Jury 1985). The

Pitcher and Nelson

a
32°8+
Lambert's Bay
Eland's Bay
Dwarskersbos
33°S 1 7
18°E 19°E
b
0gq .
32°S -
: Lambert's Bay
~
.
. )
® ' Eland's Bay
Y
]
[ ]
St Helena Bayy )
L4
OWMmhos
S
CCape Columbine
33°S 1 -
18°E 19°E
Fig. 15. Conceptualization of harmful bloom events in the

greater St. Helena Bay region during periods of (a) upwelling and
(b) relaxation or downwelling. The broken line demarcates the
area of highest dinoflagellate abundance.

transects conducted during this study, offshore of Lambert’s
Bay, reflect not only these flow patterns but also the
phytoplankton assemblages associated with them and with
water of different origin. The coastal jet is often seen to
separate an inshore assemblage in which dinoflagellates are
abundant from an offshore population typically dominated
by diatoms (Fig. 13). Under conditions of upwelling, the
dinoflagellate population tends to accumulate offshore in
a region of convergence, created by the narrow belt of
upwelling and the core northward flow (Fig. 7).
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These observations are supported by the patterns of
circulation within the model domain of Penven et al. (2000)
whereby equatorward wind forcing produces a cyclonic
eddy in the lee of Cape Columbine that contributes to
create a dynamic boundary between the coastal and the
offshore domains. The wind-induced upwelling plume
tends to isolate the nearshore area from the offshore
domain, thereby inducing retention on the coastal side of
the plume. A positive coupling between upwelling and
retention may be provided by such structures, with stronger
upwelling-favorable winds enhancing retention within the
nearshore area despite the intensification of offshore flow
associated with upwelling. The limited across-shelf ex-
change of water is depicted in the clear and consistent
delineation of phytoplankton assemblages representing the
offshore and nearshore regions, with phytoplankton
representing latter stages of succession dominating the
nearshore region (Fig. 13).

Wind relaxation or reversal (Fig. 15b) is typically
associated with the shoreward accumulation of dinoflagel-
late blooms, and the development of an inshore counter-
current results in the general southward progression of
these blooms (Fig. 6). Of the earlier models that describe
time-variable upwelling, most present an upwelling cycle as
a symmetric two-dimensional process. In such cases the
warming of inshore waters following the relaxation of
upwelling-favorable winds is described as an across-shelf
advection of heat. However, subsequent studies have
shown that reversed alongshore flow may be responsible
for observed warming inshore and in many cases this
alongshore flow is clearly related to features in the coastline
topography (Send et al. 1987). Gan and Allen (20024 and
2002b) have demonstrated the dominant role of coastal
capes in determining alongshore variability of flow within
upwelling systems, by the establishment of an alongshore
pressure gradient, indicated in the surface elevation field,
that forces poleward currents near the coast during
relaxation of upwelling-favorable winds. These inshore
current reversals and consequent poleward flow are likely
to have an important influence on the transport of coastal
blooms in upwelling systems (Sordo et al. 2001; Pitcher et
al. 2004). The presence of a nearshore countercurrent to the
north of Cape Columbine was first detected by drift card
returns, and this inshore poleward current was found to be
most pronounced during late summer and autumn (Dun-
can and Nell 1969). Application of the Gan and Allen
(2002a,b) model to the Cape Columbine-St. Helena system
would suggest that the separation of the equatorward jet
from the coast by Cape Columbine results in the de-
velopment of a negative pressure gradient to the north of
the Cape. During relaxation, this pressure gradient may
drive poleward currents and strengthen cyclonic circulation
to the north of Cape Columbine, thereby contributing to
the retentive nature of circulation within the region and to
the poleward transport of coastal blooms.

Time-varying wind forcing and spatially variable coastal
topography provide local modulation of the upwelling
process, influencing the characteristics of the surface
boundary layer, both upper mixed layer characteristics
and flow patterns, both of which have a pronounced effect
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on harmful bloom dynamics. These effects are clearly
evident in the greater St. Helena Bay region, an area
characterized by elevated phytoplankton biomass and
prone to red tide. Spatial patterns in upper mixed layer
characteristics correspond to predictable patterns in the
distribution of phytoplankton in response to different
regimes of turbulence. Complex three-dimensional circula-
tion forced by local topography and winds was decisive in
the introduction, concentration, and dissipation of blooms
from any single locality. At the event scale, the population
dynamics model of red tide, particularly in potentially
affected local areas, may therefore be reduced to the
advective term, and at this scale, hydrodynamic models
may be very useful in developing a predictive capability.
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