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Abstract

The Sundays Estuary is permanently open to the sea and experiences regular freshwater inflow in the form of agricultural 
return flows with large supplies of nutrients. The objectives of this study were to measure microalgal biomass and commu-
nity composition and relate these to freshwater inflow, water quality and other environmental variables. These data can then 
be used in setting the ecological water requirements of the estuary.  Surveys in August 2006, March 2007, February, June 
and August 2008 showed that salinity less than 10, expressed in practical salinity units, mostly occurred from 12.5 km from 
the mouth in the middle reaches of the estuary, which was also where the highest water column chlorophyll a (>20 µg·ℓ-1) 
was found. The study showed that different groups of microalgae formed phytoplankton blooms during individual sam-
pling sessions. These included blooms of green algae (August 2006), flagellates (March 2007), dinoflagellates (June 2008) 
and diatom species (February and August 2008). The estuary was then sampled over 5 consecutive weeks from March to 
April 2009 to identify environmental factors that support different microalgal bloom species. Phytoplankton blooms were 
found during Weeks 1, 4 and 5 from the middle to the upper reaches of the estuary. It was shown that diatoms occurred in 
blooms during warm, calm conditions whereas wind-mixing and reduced temperature, as a result of a cold front during 17 
to 19 March 2009, promoted the dominance of flagellates throughout the estuary although they were present at all times. 
Dominant diatom species (Cylindrotheca closterium, Cyclotella atomus and Cyclostephanus dubius) indicated brackish, 
nutrient-rich water. Nanoplankton (2.7 - 20 µm) was dominant during each week sampled and contributed 55 - 79% to the 
phytoplankton biomass. Maximum benthic chlorophyll a was found 12.5 km from the mouth. This study is the first to show 
successive chlorophyll a blooms consisting of different phytoplankton groups in an estuary, an indication of the eutrophic 
state of the system.  
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Introduction

The Sundays River Estuary is an important recreational and 
tourist attraction, and now forms part of the Addo Elephant 
National Park. The estuary ranks 39 out of the top 50 South 
African estuaries (Turpie et al., 2002) in terms of biodiversity 
conservation importance. The estuary is permanently open, 
increasing its importance, as only 18% of South African 
estuaries have a permanently open connection with the sea. 
The Sundays Estuary does not have extensive intertidal sand 
banks, mudflats or salt marshes. Microalgae contribute 95% to 
primary production as there is little suitable habitat for macro-
phytes (Adams et al., 2008). 

Phytoplankton play a significant role in nutrient cycling; 
they serve as a primary food source and are used as indicators 
of change in ecological conditions because they are sensitive 
to environmental perturbations (Lucas et al., 1999; Paerl et 
al., 2006). Benthic microalgae also play an important role in 
estuaries because they stabilise the sediment surface through 
growth and the production of extracellular polymeric sub-
stances (Underwood et al., 1995; MacIntyre et al., 1996); regu-
late nutrient fluxes/cycles and gas exchange (Sündback et al., 
2003; Sündback et al., 2004); and serve as a highly nutritious 
food source for various benthic and pelagic fauna (Kibirige 
and Perissinotto, 2003; Nozais et al., 2005). The diversity of 

microphytobenthos species also provide numerous, sensitive 
indicators of environmental change and the specific conditions 
of their habitat.

As microalgae are an important source of primary produc-
tion in the Sundays Estuary, studies of biomass and species 
composition are necessary to understand the functioning of 
the estuary.  Phytoplankton in the Sundays Estuary were first 
investigated by Archibald (1981), with a focus on the taxonomy 
of diatoms, and subsequently Hilmer (1990) showed that 
the recurrent formation and decay of flagellate blooms was 
closely related to the spring-neap tide cycle. Blooms formed 
when semi-closed circulation increased the residence time 
of the water during stratified periods, usually at neap tides. 
Phytoplankton blooms have been recorded in the upper reaches 
of the estuary, when there was a water residence time of 7 neap 
tidal cycles and 3 spring tidal cycles (MacKay and Schumann, 
1990). Phytoplankton from groups such as flagellates, dino-
flagellates, and euglenoids have been recorded in the Sundays 
Estuary (Hilmer, 1990). Although diatom species have been 
shown to be continually present, they generally occur at low 
densities (Archibald, 1981; Hilmer, 1990) and high densities 
have been recorded shortly after flooding events (Jerling, 1994). 
Dinoflagellates have been found to be the dominant phyto-
plankton community (Hilmer, 1990; Jerling, 1994), particu-
larly in the vertically stratified middle reaches of the estuary, 
and cyanophytes have only been recorded in the upper half 
of the estuary (Hilmer, 1990; Archibald, 1981). Most blooms 
identified by Hilmer (1990) were caused by the dinoflagel-
late Katodinium rotundatum and a chlorophyte Micromonas 
pusilla. 
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Currently, estuarine research in South Africa has shifted its 
focus to temporarily open/closed estuaries (Gama et al., 2005; 
Thomas et al., 2005;  Froneman, 2006; Perissinotto et al., 
2006; Anandraj et al., 2008; Whitfield et al., 2008) with only 
a few recent studies focusing on permanently open estuaries.  
However, the Sundays Estuary has received great research 
attention in the recent past. The aim of the present study was 
to determine the microalgal biomass and community composi-
tion of the Sundays Estuary, a permanently open estuary.  The 
objective was to gain insight into the response of microalgae to 
environmental conditions which can be useful in the freshwater 
inflow management of this important type of estuary in South 
Africa. 

Materials and methods

Study area

The Sundays River originates from the Sneeuberge and flows 
in a south to south-easterly direction. It passes through Graaff 
Reinet, Kirkwood and Addo in the fertile Sundays River Valley 
(Jerling, 1994). The river empties into the Indian Ocean at 
Algoa Bay, northeast of Port Elizabeth, through the Sundays 
Estuary (33º 43’ S; 25º 51’ E), and is permanently open to the 
sea (Fig. 1). Natural river flows are artificially augmented to 
ameliorate the poor water quality, in order to satisfy urban 
demands to Port Elizabeth and the irrigation demands in the 
catchment. In addition, some of the transferred water is allo-
cated to freshening and flushing out of the Sundays River and 
there are high return flows from irrigation schemes. As a result, 
natural flows to the estuary have increased and are unlikely to 
decrease with the implementation of future schemes and water 
allocations in the catchment (Ninham Shand, 2008). Due to the 
strong inputs of freshwater resulting in large supplies of nutri-
ents, the Sundays Estuary has a water column-based food web 
(Adams et al., 2008). The estuary has an intertidal zone mostly 
less than 5 - 6 m in width (Reddering and Esterhuysen, 1981) 
and there are no extensive intertidal sand banks, mud flats or 
salt marshes.  

Field collection

Rainfall records of the nearby city of Port Elizabeth indicate 
that rainfall has generally been highest during winter, between 
May and August, and the lowest in summer, between December 
and February. Samples were collected on 19 February, 3 June 
and 16 August 2008 in order to cover a range of freshwater 
inflow scenarios; from low river flow during summer to high 
flow in winter. There were 7 sites in total, which were 0.2, 3.8, 
8.0, 9.9, 12.5, 16.3 and 21.9 km from the mouth (Fig. 1). Data 
sets from previous research (conducted on 17 August 2006 and 
29 March 2007) similar to this study were incorporated into the 
current study.

For the short-term study, samples were collected on 13, 19, 
26 March, then 2 and 9 April 2009 (referred to as Weeks 1 - 5) 
from approximately 09:00 to 14:00 at 5 sites along the Sundays 
Estuary. The sites were situated 3.8, 8, 9.9, 12.5 and 16.3 km 
from the mouth. Spring tides occurred in Weeks 1, 3 and 5 
and sampling started during the ebbing tide on these dates at 
approximately 09:00. Neap tides occurred during Weeks 2 and 
4 and sampling started during the flooding tide.

The physico-chemical and biological data collected on the 
first 5 sampling trips (August 2006 to August 2008) are indi-
cated in Table 1. All variables listed in Table 1 were measured 
during the short-term study in March/April 2009.

Water quality variables 

Water quality variables including temperature and salinity 
were recorded at each site using a 650 MDS YSI multiprobe. 
Additionally, rainfall data was obtained from Weather SA 
(www.weathersa.co.za). Water samples from the surface and 
bottom depths at each site were collected for nutrient analyses, 
and were filtered with a 0.45 µm pore size syringe through 
Millipore filters (Millex-HV Hydrophilic PVDF) and then 
stored in polyethylene sampling bottles. Samples were stored 
in a ‘cooler box’ (portable ice chest) in the field and stored in a 
freezer until further analysis. Samples were sent to the Council 
for Scientific and Industrial Research (CSIR) in Stellenbosch 
and analysed by accredited analytical laboratories using an 
auto-analyser (detection limit for dissolved nitrate, nitrite and 
total ammonium was 0.17 µM, for soluble reactive phosphorus 
(SRP) 0.32 µM and for dissolved reactive silicate 0.36 µM) 
according to the methods described in CSIR (2002). Dissolved 
inorganic nitrogen (DIN) is a combination of nitrate, nitrite and 
ammonium and dissolved inorganic phosphorus (DIP) is solu-
ble reactive phosphorus. Samples were collected for nutrients 
on 29 March 2007, 19 February, 3 June and 16 August 2008, 
and during the short-term study in March/April 2009.

Phytoplankton biomass (chlorophyll a)

Water samples were collected using a 500 mℓ pop-bottle at 
the surface (0 m), 0.5, 1, 2, 3 and 4 m (if possible) depths. The 
samples were gravity-filtered under vacuum through 1.2 µm 
Whatman GF/C filters. The filter papers were placed into glass 
vials containing 10 mℓ of 95% ethanol (Merck 4111) and left 
overnight for chlorophyll a extraction at 1 - 2ºC. After extrac-
tion, chlorophyll a spectrophotometric determinations were 
carried out according to Nusch (1980). Absorbances, before 
and after acidification of the extracts with 0.1 N HCl, were read 
using a UV/VIS spectrophotometer at 665 nm. 

For the short-term study, size-fractionated chlorophyll a 
was measured. Phytoplankton samples were serially filtered 

 

  Figure 1
The Sundays Estuary and its location along the east coast 
of South Africa, showing distances of the sampling sites 

(km from the mouth)
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through a 20 µm nitex screen mesh, 2.7 µm Whatman GF/D 
filter paper and, finally, through a 0.7 µm Whatman GF/F filter 
paper which might allow small cyanobacterial cells through. 
During the short-term study, a maximum acid ratio of 1.7 was 
used instead of an after-acid reading. The incorrect concentra-
tion for HCl was used in the after-acid readings; therefore a 
maximum acid ratio of 1.7 was used with the readings without 
acid. For the short-term study the following equation was used: 

Chlorophyll a biomass (µg·ℓ-1) =  (Eb665 – (Eb665/1.7)) x 29. 6  
          x (v/V x l)

where: 
 Eb665  =  absorbance at 665 nm before acidification
 Ea665  =  absorbance at 665 nm after acidification 
 v   =  volume of solvent used for the extraction (mℓ)
 V   =  volume of the sample filtered (ℓ)
 l   =  path of spectrophotometer cuvette (cm)

Phytoplankton community composition

Water samples (500 mℓ) for phytoplankton enumeration and 
identification were collected at the surface (0 m) and at depths 
of 0.5, 1.0 and 2.0 m, and were preserved with 1.5 mℓ of 1% 
(v/v) glutaraldehyde until counts were ready to be done. Eight 
drops of Rose Bengal were added to 60 mℓ of the preserved 
samples and the samples were put into Utermohl settling cham-
bers and allowed to settle for 24 h. Counts and identification 
of microalgal groups (i.e. flagellates, dinoflagellates, diatoms, 
cyanophytes and chlorophytes) were performed using the Zeiss 
IM 35 inverted microscope at 630x magnification. The number 
of phytoplankton cells from the field of view was calculated 
according to a formula by Snow (2007).

Benthic microalgal biomass (chlorophyll a)

Four replicate intertidal and subtidal benthic samples were 
collected from each site. Intertidal samples from the uppermost 
2 sites of the estuary were not collected due to the steepness of 
the banks. The surface sediment (<2 mm depth and 20 mm pre-
marked area) was scraped just above the water level at low tide 
for intertidal samples. Subtidal samples were collected from 
each site using a 20 mm internal diameter corer attached to an 

extension pole and the top 1 cm sediment was scraped from 
the core. The samples were stored in vials in the ‘cooler box’ 
(portable ice chest) until they could be frozen. The samples 
were freeze-dried and 4 mℓ of 95% ethanol (Merck 4111) was 
added to approximately 0.2 g then stored for 24 h at 0°C. After 
the chlorophyll a extraction, the samples were filtered through 
Whatman GF/C filters and the extracts were analysed before 
and after the addition of 2 drops of 0.1 N HCl, using a spectro-
photometer at 665 nm according to Nusch (1980). 

For the short-term study only subtidal benthic biomass was 
measured as the objective of this study was to investigate the 
deposition of water column microalgae.

Benthic diatom composition

Benthic samples were collected according to methods 
described by Round (1981) and Bate et al. (2004). The samples 
were digested using 10 mℓ of saturated KMnO4 and 10 mℓ of 
10 M HCl were added. Processed samples were stored in 2 mℓ 
Eppendorf safe-lock tubes until mounting. Permanent light 
microscopy slides were made with the digested diatom sam-
ples. Naphrax® was used as a mounting agent and 2 drops were 
used. Diatom frustules were examined and counted using a 
Zeiss Axioplan light microscope with Differential Interference 
Contrast (DIC) optics. Using a television camera (The Imaging 
Source DFK 41F02), images of the dominant species were 
visualised using the Imaplan V 2.06 image analysis programme 
(IMATEC Elektronische Bildanalysesysteme GmbH ©2004). 
Diatom valves were counted in each sample using 1 000x mag-
nification until the obvious dominant was established. In most 
cases this represented approximately 200 frustules. At least  
1 digital image of every taxon was captured. The dominants 
were those species that were clearly present in the greatest 
number and the sub-dominants were those that had a frequency 
>10% but not dominant. 

Benthic algal community composition

For the short-term study the entire benthic community was 
counted and identified. Sediment samples (surface 1 mm) were 
collected using a 20 mm internal diameter corer and placed in 
a 50 mℓ vial with about 20-25 mℓ unfiltered estuarine water in 

Table 1
Summary of environmental variables and microalgal data from the Sundays Estuary used for this study 

(tick marks and crosses indicate whether data were or were not collected at the time of sampling, respectively)
Parameters 17-08-06 29-03-07 19-02-08 03-06-08 16-08-08

Phytoplankton chlorophyll a ü ü ü ü ü
Phytoplankton cell counts ü ü ü ü ü
Salinity ü ü ü ü ü
Temperature ü ü ü ü ü
pH X ü ü ü ü
Secchi depth ü ü X X ü

Water column
nutrients

Ammonium X ü ü ü ü
TOxN X ü ü ü ü
Soluble reactive phosphorus X ü ü ü ü
Silicate X ü ü ü ü

Benthic chlorophyll a X X ü ü ü
Sediment particle size X X X ü ü
Sediment AFDW X X ü ü ü
Benthic diatom species counts X X ü ü X
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the field. The sampling method does combine surface sediment 
and unfiltered water from above the sediment core so samples 
represent a mix of benthic and pelagic taxa. Samples were 
preserved with 1.5 mℓ of 1% (v/v) glutaraldehyde solution in the 
field and stored at 5ºC in a darkened environment. For enumera-
tion purposes, samples were re-suspended and stained with Rose 
Bengal. The stained samples were allowed to stain for 24 h. A 
drop was placed on slides with coverslips on top then identified 
under a light microscope at 400x magnification. Counts and 
identification of microalgal groups (i.e. flagellates, dinoflagel-
lates, diatoms, cyanophytes and chlorophytes) were performed 
using the Zeiss IM 35 inverted microscope at 630x magnifica-
tion. Relative abundances of the different groups were reported.

Data analysis

All statistical analyses were completed using the MINITAB 
Version 15 (Minitab, Inc.) statistical package. The data collected 
(Table 1) were categorised as follows: algal counts, biomass and 
physico-chemical from February 2008 to August 2008; algal and 
physico-chemical data for 5 weeks in 2008. The data (phyto-
plankton counts) from 2006 to 2007 represented means and were 
excluded from the current analysis, but were used for long-term 
comparisons. Data for each sampling trip were analysed and 
comparisons were also made for all trips combined. 

All data were tested for normality using the Kolmogorov-
Smirnov test for normality. The null hypothesis of normality 
was rejected for most response variables and a Johnson trans-
formation was performed to normalise such data. The Johnson 
transformation applies to a broader range of data types than 
the alternative Box-Cox transformation. It is equally robust 
for data sets with negative values and selects an appropriate 
transformation function for each data set because of its wider 
range of transformation functions (Farnum, 1996; Chou et al., 
1998). The maximum p-value for selection of an appropriate 
bounded (SB), lognormal (SL) or unbounded (SU) transforma-
tion distribution was 0.10. 

Levene’s test for homogeneity of variance, with a confi-
dence interval of 95%, was used to test the equality of variance 
across variables. Following a positive test, a general linear 
model (GLM) analysis of variance (without interactions) was 
conducted on the transformed data to test the effect of the 
different predictors (distance from estuary mouth, sampling 
time and depth) on the response variables at α = 0.05 (although 
transformed data were used in the analyses, for purposes of 
clarity, means and standard errors of the actual untransformed 
data are presented in some of the results). Pearson product 
moment correlation was performed to test the relationship 
between variables. Contour plots for chlorophyll a and phy-
toplankton cell counts were produced using Grapher (Golden 
software) Version 8. Contour XY Data Map was used for 
the plots. Different scales were used for the y-axis for differ-
ent sampling dates so that the patterns were visible. In some 
cases, very high values were recorded but only for a single 
sampling date. Mean values are expressed as mean ± standard 
error of the mean.

Results

Long-term study

Water quality variables 
Flows of 7.5 and 7.4 m3·s-1 were recorded at Department of 
Water Affairs (DWA) Station N4H005 on 4 and 5 August 2006 

(Fig. 2). These high flows occurred prior to the 17 August 2006 
sampling session as a result of rainfall (128 mm and 64 mm on 
2 and 3 August 2006, respectively). The highest mean monthly 
flow of 1.29 m3·s-1 also occurred in August 2006. For the other 
sampling sessions flow was less than 0.15 m3·s-1 (Fig. 2).  Data 
from the environmental water requirements study on the 
Sundays Estuary (Taljaard et al., 2008) was also used to iden-
tify the flow into the estuary at the time of sampling, based on 
the plots of the salinity gradient. The estuary in August 2006 
was in a freshwater-dominated state which is characterised by 
flow greater than 15 m3·s-1. In March 2007, and February, June 
and August 2008, a freshwater front was present in the upper 
and middle reaches. This was classified as a small transition 
state where flow is between 0.5 to 2 m3·s-1 (Taljaard et al., 
2008).

Both vertical and horizontal salinity gradients were 
observed during all sampling trips. Salinity, expressed in  
practical salinity units (PSU), was highest at the mouth  
(15 ± 0.1 to 28.2 ± 0 across the study period from 2006 to 2008) 
and decreased towards the head of the estuary and with depth 
(0.6 to 1.6 at 22 km from the mouth) (Fig. 3a - e). Vertically 
averaged salinity of less than 10 PSU occurred from 12.5 km 
upstream of the mouth, and this was the region where the 
highest water column chlorophyll a was found (Fig. 4a - e). 
Freshwater intrusion (salinity <5) occurred up to 8 km and  
13 km from the mouth in August 2006 and March 2007, respec-
tively. In 2008 freshwater intrusion was evident at 11 to  
12.5 km from the mouth. Salinity differed significantly with 
time (df = 4; F = 13.47; p <0.05; R2 = 84.3%). Salinity in June 
2008 (16.7 ± 1.7) was significantly higher than August 2006 and 
March 2007 (7.7 ± 2.3 and 12.2 ± 2.6, respectively). 

Generally, there was a decrease in temperature from the 
lower reaches to the upper reaches of the estuary (Fig. 3f - j). 
There was a significant difference in the overall mean tempera-
ture during the different sampling periods (df = 4; F = 167.88;  
p <0.05; R2 = 81.4%), where August 2006 was lower than the 
rest of the trips and February 2008 had the highest temperature. 
Temperature varied significantly with distance from the mouth 
of the estuary (df = 19; F = 0. 37; p <0.05; R2 = 50.3%).  

Nutrients
Average dissolved inorganic nitrogen (DIN) at each site ranged 
from 0.1 µM to 134.6 µM during the 2007 and 2008 sampling 
sessions, typically increasing with distance from the mouth 
of the estuary. Dissolved inorganic phosphorus (DIP) also 
increased with distance from the mouth and ranged from below 
detectable limits to 8.8 µM. The DIN:DIP ratio was <16 in 
2008, which suggests that microalgal growth was N-limited, 
but this was only likely in February 2008 when DIN concentra-
tions as low as 0.1 µM were measured. 

Phytoplankton biomass (chlorophyll a)
Water column chlorophyll a (Fig. 4a- e) was significantly dif-
ferent (df = 4; F = 2.76; p <0.05, R2 = 9.4 %) for the different 
sampling trips (February 2008 to August 2008). Chlorophyll a 
was significantly higher in March 2007 and August 2008  
(31.5 ± 12.6 and 24.08 ± 5.56 µg·ℓ-1) than in August 2006 and 
June 2008 (14.15 ± 1.45 and 8.16 ± 4.37 µg·ℓ-1). Chlorophyll a 
was always higher in low-salinity water and decreased with 
water depth (r = -0.53 and -0.27 respectively; p <0.05, n = 75). 

Phytoplankton community composition and 
distribution
For this study phytoplankton groups with a relative abundance 
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greater than 10% of the total algal count were considered to be 
dominant. Phytoplankton community composition is presented 
in Figs. 4f - j. The following phytoplankton groups were identi-
fied: flagellates, diatoms, dinoflagellates, chlorophytes (green 

algae) and cyanophytes (blue-green algae). For the purposes 
of this study, organisms that were considered to be flagellates 
have 1 or more flagella and do not fall within the phytoplank-
ton groups already mentioned. The group ‘other’ included 

 

 

Figure 2 (above)
Flow data for the 
Sundays Estuary 
from July 2006 
to August 2008, 
showing flow in 
relation to the 

sampling dates on 
17 August 2006, 

29 March 2007, 19 
February, 3 June 

and 16 August 2008 
(sampling dates are 
indicated by arrows). 
Data were obtained 
from DWA station 

N4H005. 

Figure 3 (right)
Salinity (‰) (a - e) 
and temperature 

(ºC) (f - j) relative to 
depth and distance 

from the mouth in the 
Sundays Estuary in 
August 2006, March 
2007, February, June 

and August 2008. 
Different scales have 
been used to indicate 

patterns.
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planktonic organisms (mostly zooplankton, e.g. ciliates) not 
belonging to the above-mentioned groups. 

During all sampling trips the highest phytoplankton cell den-
sity occurred from 12.5 km to 21.9 km from the mouth. Different 
groups of microalgae formed phytoplankton blooms (defined as 
chlorophyll a greater than 20 µg·ℓ-1) during the different sam-
pling trips (Figs. 4f - j). These included blooms of green algae 
(August 2006), flagellates (March 2007), dinoflagellates (June 
2008) and diatom species (February and August 2008). 

In August 2006 green algae were dominant at 0.2 km from 
the mouth of the estuary with mean cell numbers of 9 042 
cells·mℓ-1 and making up 64% of the composition (Fig. 4f). The 
dominant green alga, Diogenes, are freshwater alga (Prescott, 
1970). Flagellates were dominant from 4.1 km and towards the 
head of the estuary (8 449 to 9 319 cells·mℓ-1). 

An opposite trend was observed in March 2007 where 
green algae were dominant (5 741 cells·mℓ-1 to 41 804 
cells·mℓ-1) towards the head of the estuary (Fig. 4g). By 

  
 
               
 
 

Flagellates  Diatoms  Green 
algae

Dinoflagellates  Other 

Figure 4
Phytoplankton 

chlorophyll a (µg·ℓ-1) (a 
- e) and phytoplankton 
group composition (f 

- j) relative to distance 
from the mouth of the 

Sundays Estuary in (a) 
August 2006, (b) March 

2007, (c) February 
2008, (d) June 2008 
and (e) August 2008. 
Different scales have 
been used to indicate 

patterns in chlorophyll a.
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contrast flagellate density decreased from the mouth to the head 
of the estuary (from 31 324 to 3 400 cells·mℓ-1).  A freshwater 
flagellate from the genus Chlamydomonas (Prescott, 1970) was 
dominant in the lower reaches. 

In February 2008 a diatom bloom of Cyclotella atomus 
Hustedt was present in the upper reaches of the estuary with  
11 028 ± 40 (± SE) and 55 738 ± 0 cells·mℓ-1 at 16.3 and  
21.9 km from the mouth (Fig. 4h), respectively, contributing  
to the high chlorophyll a (34.4 ± 0.9 µg·ℓ-1 and 73.6 ±  
3.3 µg·ℓ-1 respectively) found at these sites (Fig. 4c). This group 
respectively contributed 26% and 57% to the total community 
composition at these sites. Diatom blooms also occurred in 
August 2008 (Fig. 4j) and the bloom species were identified as 
C.atomus Hustedt, Cyclostephanus dubius (Fricke) Round and 
Stephanodiscus Hantzshia Grunow. At sites 9.9, 12.5, 16.3 and 
21.9 km from the mouth diatom cell densities of 12 502 ± 3 460 
cells·mℓ-1, 66 886 ± 0 cells·mℓ-1, 58 525 ± 2 787 cells·mℓ-1 and 
35 885 ± 1 742 cells·mℓ-1 were recorded, respectively. Diatoms 
contributed 53, 74, 63 and 47% to the total phytoplankton com-
position at the mentioned sites, respectively.

Phytoplankton chlorophyll a peaked 12.5 km from the 
mouth in June 2008 (Fig. 4d) and was associated with a dense 
unidentified dinoflagellate bloom (11 705 ± 7 246 cells·mℓ-1) 
with relative abundance of 88% (Fig. 4i). Dinoflagellate density 
was still relatively high upstream of the bloom site (3 583 ±  
1 407 cells·mℓ-1 at 16.3 km from the mouth). 

Benthic microalgal biomass (chlorophyll a)

During the sampling trips (February, June and August 2008), 
benthic microalgal samples from the intertidal areas were 

not collected at sites 16.3 and 21.9 km from the mouth due to 
the channel-like morphology of the estuary and the presence 
of dense reed beds. Mean subtidal benthic chlorophyll a was 
significantly different at each sampling site (df = 6; p <0.05) 
during each trip (F = 3.44, 6.43 and 7.14; R2 = 35.8, 54.7 and 
57.7% for February, June and August 2008 respectively). 
Intertidal benthic chlorophyll a was also found to be signifi-
cantly different (df = 4; p <0.05) for all sampling trips  
(F = 13.59, 16.29 and 4.47; R2 = 72.6, 76.3 and 42.2% for 
February, June and August 2008, respectively). Benthic chlo-
rophyll a at 12.5 km from the mouth was significantly higher 
than at other sites during most of the sampling trips (Tables 2 
and 3). Maximum phytoplankton biomass was always found 
at the sites where the highest benthic microalgal biomass was 
recorded.

Short-term study

Nutrients
During the short-term study (13 March - 9 April 2009), DIN 
ranged from 21.4 µM to 179.1 µM and typically increased with 
distance from the mouth of the estuary. Dissolved inorganic 
phosphorus increased with distance from the estuary mouth but 
concentrations were particularly low, ranging from 0.2 µM to 
1.5 µM. The low DIP concentrations relative to DIN resulted in 
high DIN:DIP values (>34), suggesting that microalgal growth 
was P-limited during this period.

Phytoplankton biomass (chlorophyll a)
Chlorophyll a concentrations were significantly different  
(df = 4; F = 5.52; p <0.05; R2 = 52.5%) for the different weeks. 

Table 2
Mean subtidal benthic chlorophyll a for the long-term study (n = 4)

Distances from
the mouth (km)

February 2008 June 2008 August 2008
Chlorophyll a 

(µg·g-1)
Mean ± SE

Chlorophyll a 
(µg·g-1)

Mean ± SE

Chlorophyll a 
(µg·g-1)

Mean ± SE

0.2 2.3 ± 2.6a* 0.002 ± 0.59a 3.1 ± 2.5a

3.8 4.5 ±1.8a 4.4 ± 0.94ac 13.3 ± 5.1ab

8 8.4 ± 1.2ab 8.4 ± 2.4bc 16.7 ± 1.8b

9.9 18.8 ± 16.4a 8.1 ± 1.7bc 8.7 ± 1.0ab

12.5 78.6 ± 22.0b 14.7 ± 3.7b 24.1 ± 8.1b

16.3 8.2 ± 10.7a 7.6 ± 1.0bc 25.8 ± 4.5b

21.9 12.6 ± 2.4ab 2.4 ± 0.62ac 3.6 ± 2.1a

*Means with the same letter(s) within the column were not significantly different.

Table 3
Mean intertidal benthic chlorophyll a for the long-term study (n = 4)

Distances from
the mouth (km)

February 2008 June 2008 August 2008
Chlorophyll a 

(µg·g-1)
Mean ± SE

Chlorophyll a 
(µg·g-1)

Mean ± SE

Chlorophyll a 
(µg·g-1) 

Mean ± SE

0.2 4.2 ± 1.3 a* 0.61 ± 0.16a 2.6 ± 1.4 a

3.8 6.7 ± 2.0a 7.2 ± 0.48b 6.9 ± 1.0b

8 3.2 ± 1.1ab 4.1 ± 0.45ab 4.9 ± 0.64ab

9.9 0.62 ± 0.42b 6.2 ± 1.5b 4.0 ± 1.0ab

12.5 59.9 ± 8.9c 13.8 ± 2.1c 1.7 ± 0.46a

*Means with the same letter(s) within the column were not significantly different.
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Table 4
Mean phytoplankton size-fractionated chlorophyll a (µg·ℓ-1) for the short-term study

Phytoplankton size 
fractions Week 1 Week 2 Week 3 Week 4 Week 5

Microplankton 3.3 ± 0.7a* 2.7 ± 0.7a 2.8 ± 0.3a 2.8 ± 0.6a 3.0 ± 0.7a

Nanoplankton 16.8 ± 5.4b 6.4 ± 0.9b 7.7 ± 0.9b 27.6 ± 10.2b 17.5 ±  5.7b

Picoplankton 3.2 ± 0.9a 2.1 ± 0.2a 3.4 ± 0.6a 4.3 ± 0.97a 2.9 ± 0.6a

*Means with the same letter(s) within the column are not significantly different.

Figure 5
Phytoplankton 

chlorophyll a (µg·ℓ-1) 
(a - e) and phytoplankton 

group composition 
(f - j) relative to depth 

and distance along the 
length of the Sundays 

Estuary during the short-
term study. Different 

scales have been used 
to indicate patterns in 

chlorophyll a

Chlorophyll a concentrations in Weeks 1, 4 and 5 (21 ± 3.8; 
30 ± 7.2 and 17 ± 4.1 µg·ℓ-1) were significantly higher than in 
Weeks 2 and 3 (9.4 ± 1.5 and 11.7 ± 1.1 µg·ℓ-1). There was a 
strong cold front (17 to 24°C) from 17 to 19 March 2009 which 

mixed the water column, resulting in a decrease in chlorophyll 
a (<20 µg·ℓ-1). The highest chlorophyll a biomass (>20 µg·ℓ-1) 
occurred in the middle to upper reaches of the estuary during 
Weeks 1, 4 and 5 (Fig. 5a - e). 
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Phytoplankton size-fractionated chlorophyll a 
One-way ANOVA showed that the size fractions of chlorophyll 
a differed significantly (p <0.05) within the sampling trips. The 
nanoplankton size fraction was significantly higher during each 
week than the other 2 size fractions and contributed between 55 
and 79% to the phytoplankton biomass (Table 4).

Benthic microalgal biomass (chlorophyll a)
Subtidal benthic chlorophyll a increased from the mouth 
towards the upper reaches of the estuary (Fig. 6), following the 
pattern of the water column biomass (Fig. 7). There was a peak 
in the water column chlorophyll a in Weeks 4 and 5 at 12.5 km 
from the mouth, which can also be seen in the subtidal benthic 
biomass. Benthic and water column chlorophyll a were not 
collected in the same manner so, in order to determine if high 
benthic chlorophyll a concentrations were caused by water col-
umn chlorophyll a, average values per site were used. Benthic 
and water column microalgal biomass from Weeks 4 and 5 
were positively correlated (r = 0.92 and 0.95 respectively; p 
<0.05; n = 5). The highest subtidal benthic biomass occurred in 
the same region of the estuary where water column chlorophyll 
a concentrations were high.  

 

 

 

Figure 6 
Subtidal benthic chlorophyll a concentration in the Sundays Estuary during the short-term study 

from 13 March to 2 April 2009 (vertical bars indicate standard error).
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Figure 7 
Water column chlorophyll a concentration in the Sundays Estuary during the short-term study 

from 13 March to 2 April 2009 (vertical bars indicate standard error). 
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Figure 8 
Benthic (a to e) microalgal community composition from 13 March to 2 April 2009 in the 

Sundays Estuary. 

Flagellates Diatoms OtherDinoflagellates Blue greens 

Figure 7 (above)
Water column chlorophyll a concentration in the Sundays 

Estuary during the short-term study from 13 March to 2 April 
2009 (vertical bars indicate standard error)

Figure 8 (right)
Benthic (a to e) microalgal community composition from 

13 March to 2 April 2009 in the Sundays Estuary

Figure 6
Subtidal benthic chlorophyll a concentration in the Sundays 
Estuary during the short-term study from 13 March to 2 April 

2009 (vertical bars indicate standard error).
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Benthic algal community composition
The patterns of species composition for the benthos and water 
column were similar to one another during all weeks, possibly 
indicating deposition of cells from the water column to the 
benthos (Fig. 8a - e and Fig. 5f - j). In Weeks 1 and 2 flagellates 
were dominant in the lower to upper reaches whereas diatoms 
became dominant in the upper reaches. This pattern was also 
observed for the phytoplankton composition in the same week. 
Flagellates were dominant in the water column throughout the 
estuary in Week 3. They were also present in the benthos but 
not as dominant as the flagellates in the water column (29 - 74% 
dominance). During Week 4 the benthic diatoms at 16.3 km 
from the mouth constituted 99% of the composition, similarly 
to water column diatoms (88%). In Week 5 flagellates domi-
nated the benthos throughout the estuary, as well as the water 
column, except at 8 and 9.9 km from the mouth. No significant 
correlations were found when comparing relative abundances 
of microalgal groups from the benthos and water column 
(flagellates, dinoflagellates, other plankton) for all the weeks 
and sites.  However, diatom relative abundance was signifi-
cantly correlated between water column and sediment surface 
(r =0.50; p <0.05; n = 25).  

Discussion

Long-term study

The objectives of this study were to determine the microalgal 
biomass and community composition in the Sundays Estuary. 
Results show a unique case where the chlorophyll a blooms in 
the estuary consist of multiple microalgal groups. High chloro-
phyll a concentrations (>20 µg·ℓ-1) in the shallow upper reaches 
of the Sundays Estuary have previously been found where 
nitrate concentrations were greater than 14 µM, water residence 
time was 6 - 7 tidal cycles and where there was marked salinity 
stratification (Hilmer and Bate, 1991; Adams and Bate, 1999; 
Scharler, 2000). Scharler (2000) recorded a bloom in the middle 
and upper reaches of the Sundays Estuary and recorded a mean 
chlorophyll biomass of 22 µg·ℓ-1 at nitrate concentrations of 33 
µM in the upper reaches. Similarly, in the Great Fish Estuary 
consistent freshwater inflow carrying a high nutrient load sup-
ported high (>20 µg·ℓ-1) phytoplankton biomass (Allanson and 
Read, 1995). High (>20 µg·ℓ-1) chlorophyll a levels are a persis-
tent feature in the upper reaches of the Sundays Estuary. This 
has been found to be the most productive region, which was 
also evident in this study, and the occurrence of phytoplankton 
blooms indicated nutrient uptake from the water column. Water 
residence time is important and allows for phytoplankton bio-
mass to increase (Adams and Bate, 1994; Gameiro and Brotas, 
2010). However, residence time is not easy to measure, which is 
a problem since realistic simulation of phytoplankton popula-
tions depends on accurate interpretations of mixing processes 
in estuaries (Cloern, 1991).

Hilmer (1990) explained the distribution of phytoplankton 
chlorophyll a in connection with the hydrodynamic features of 
the estuary. In the lower reaches of the estuary the biomass was 
lower because the bathymetry is uneven and deep and promotes 
turbulent mixing. As a result, phytoplankton experience rapid 
changes in salinity and flushing time (1 to 2 tidal cycles), which 
would result in death and rapid flushing out to sea (Hilmer, 
1990). The middle and upper reaches of the estuary are shal-
lower and have longer residence time and semi-closed circu-
lation occurs (Jerling, 1994; MacKay, 1988). These findings 
correspond with the findings of the current study. 

This study showed that in the Sundays Estuary blooms 
could consist of dinoflagellates, diatoms, green algae and 
flagellates. Under low to medium flow conditions, indicated by 
salinity profiles, diatoms and dinoflagellates were dominant, 
whereas under high flow conditions flagellates and green algae 
occurred. A flood occurred in the Eastern Cape region on the  
2 August 2006 and sampling took place on 17 August. This 
event accounted for the dominance of the freshwater flagel-
lates at the head of the estuary and the decreasing gradient 
in cell density towards the mouth. A freshwater flagellate 
(Chlamydomonas sp.) was the dominant phytoplankton spe-
cies in March 2007. Only during this sampling session was 
the chloro phyll a maximum (145.2 and 237.4 µg·ℓ-1 at 0.2 and 
4.1 km respectively) found in the lower reaches of the estu-
ary. High rainfall (38 to 40 mm) that occurred before sam-
pling (4 and 5 of March), and an increase in flow, most likely 
transported the flagellate to the lower reaches of the estuary. 
The diatom cell numbers ranged between 11 028 and 66 886 
cells·mℓ-1 in the middle to upper reaches of the estuary dur-
ing the February and August 2008 sampling trips. Jerling and 
Wooldridge (1995) also recorded a bloom (13 000 cells·mℓ-1) of 
centric diatoms in the middle and upper reaches of the Sundays 
Estuary after a flood in November 1989.

Past studies have shown that dinoflagellates form dense 
blooms during neap tides when strong vertical salinity 
stratification has developed; the difference in surface and 
bottom water salinity is greater than 5 (Margalef, 1978; 
Hilmer and Bate, 1991). In this study a dinoflagellate bloom 
(18 951 cells·mℓ-1) occurred in June 2008 in the surface 
waters at 12.5 km from the mouth. The dinoflagellate bloom 
contributed to the high chlorophyll a biomass (99.5 µg·ℓ-1)  
and this was supported by a strong positive correlation 
between dinoflagellate cell numbers with chlorophyll a  
(r = 0.97; p <0.05; n = 25). 

The highest benthic microalgal biomass found in the 
present study was located 12.5 km from the mouth during 
all sampling trips. This site was turbid, the intertidal area 
consisting of compacted clay, whereas the subtidal sediment 
was sandy and the water column was strongly stratified. It 
is possible that the deposition of phytoplankton cells in this 
area contributed to high benthic chlorophyll a. Furthermore, 
low flows possibly resulted in increased sediment stability 
which in turn supported high benthic microalgal biomass. 
A study in the Gamtoos Estuary showed similar results 
in that flows of less than 1 m3·s-1 resulted in the develop-
ment of epipelic diatom biofilms and, subsequently, high 
microphyto benthos biomass (Snow, 2007). Sandy silts and 
exposed habitats usually support a lower microalgal biomass 
than sheltered sites that are dominated by fine cohesive sedi-
ment (MacIntyre et al., 1996; Underwood and Kromkamp, 
1999). The results of the current study were also similar to 
findings in the Kwelera Estuary where the distribution of 
microphytobenthic biomass was found to be strongly influ-
enced by position along the longitudinal gradient (Walker, 
2003). Adams and Bate (1994) also found that the chloro-
phyll a concentrations were highest in the middle reaches 
of the Swartkops Estuary compared to the mouth and upper 
reaches. Deductions from Walker (2003) were that the 
more turbulent hydrological conditions, together with loose 
sediment in the mouth area, did not support microphytob-
enthos biomass, and low levels were consistently found in 
the sandy sediments near the mouth, whereas higher con-
centrations were found in muddier sites during the current 
study. Furthermore, during this study, cattle and benthic 
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cyanobacterial mats were observed in the intertidal zone at 
12.5 km from the mouth, which could have also contributed 
to the high benthic chlorophyll a levels at this site.

Short-term study

The short-term study was conducted in order to determine 
the short-term variability of phytoplankton composition and 
biomass in response to physical, chemical and climatic fac-
tors. Carstensen et al. (2004) stated that blooms develop from 
the active growth of phytoplankton populations, which must 
be accompanied by the input of new nutrients to the surface 
water. For this study on the Sundays Estuary high chlorophyll 
a was mainly associated with flagellates and diatoms, and the 
diatom species Cyclotella atomus, Cyclostephanus dubius and 
Cylindrotheca closterium made up most of the diatom blooms 
observed in the middle to upper reaches of the estuary. The 
dominant diatom species found during the short-term study 
corresponded with previously reported bloom species that have 
been identified for the Sundays Estuary in 2008 (long-term 
study) and similar to the findings of Jerling and Wooldridge 
(1995) on the centric diatom bloom in the middle and upper 
reaches. Cylindrotheca closterium blooms occurred on 13 
March 2009 at 8 and 9.9 km from the mouth. This species has 
never been recorded in blooms in the Sundays Estuary before. 
Diatoms have been shown to be the most favourable phyto-
plankton group in well-mixed, nutrient-rich waters (Margalef, 
1978; Lassen et al., 2004; Domingues et al., 2005).

Although phytoplankton succession was not strongly 
exhibited in this study, diatoms and flagellates were the most 
abundant groups, succeeding each other in terms of dominance. 
Diatom blooms were mostly found in the middle to upper 
reaches whereas flagellates were found in the estuary at all 
times, and along the entire length of the estuary. 

Nanoplankton contributed on average 55 - 79% to the total 
phytoplankton biomass in the weeks sampled. Results from 
this study are also supported by the findings of Revelante and 
Gilmartin (1978), Lassen et al. (2004) and Verity and Borkman 
(2010), in which nanophytoplankton were found to be the 
dominant size class in estuaries. Nanoplankton have also been 
found to be dominant in South African temporarily open/closed 
estuaries (Froneman, 2000; Thomas et al., 2005). They are able 
to out-compete larger species for nutrients and light because of 
their small size and large surface to volume ratio (van den Hoek 
et al., 1995). Nanophytoplankton are able to propel themselves 
to zones of greater light intensity and can therefore achieve 
much higher biomass than microphytoplankton because of 
their competitive advantage during periods of decreased light 
(Thomas et al., 2005). 

Grange et al. (2000) indicated that the continuous inflow 
of freshwater in permanently open estuaries ensures that the 
phytoplankton size structure remains constant throughout the 
season. Phytoplankton size structure in the Sundays Estuary 
throughout the sampling sessions was consistently maintained 
and dominated by the nanoplankton size group. In contrast, the 
size structure of the phytoplankton community is highly vari-
able in temporarily open/closed estuaries due to the sporadic 
inflow of freshwater. For instance, in the Kasouga Estuary 
nano- and microphytoplankton were dominant when the mouth 
was open, but during the closed mouth phase picophytoplank-
ton were dominant (Froneman, 2002). 

Results from the long-term study were also supported by 
the findings from the short-term study. During the 2 stud-
ies phytoplankton blooms (>20 µg·ℓ-1) were recorded 8 km 

upstream of the mouth. High benthic biomass was found in the 
same area of the estuary where high water column chlorophyll 
a occurred. The short-term study also showed that the pat-
terns of phytoplankton and benthic species composition were 
similar for specific sites. The sampling method does combine 
surface sediment with water collected from above the core, to 
capture any flocculated material, so it is likely that the micro-
algae are a combination of the benthic and pelagic communi-
ties. Dinoflagellates and flagellates were present in the benthic 
samples, which are typical water column species that depend 
on flagella for movement (Tomas, 1997).

From the 5-week sampling period in 2009 no single fac-
tor could be identified as the driver or trigger of phytoplank-
ton blooms. However, it was shown that diatoms occurred in 
blooms during warm, calm conditions, whereas wind-mixing 
and reduced temperature (due to the cold front) promoted the 
dominance of flagellates throughout the estuary and they were 
present at all times. Both DIN and DIP generally increased with 
distance from the mouth of the estuary but DIP possibly limited 
microalgal growth based on the high DIN:DIP ratios, particularly 
in the lower reaches. It is likely that flow supported high phyto-
plankton chlorophyll a in the middle reaches of the estuary but 
as DIP decreased towards the mouth of the estuary, being taken 
up by phytoplankton, a threshold DIP concentration was reached 
and chlorophyll a was generally lowest in the lower reaches. 
Nutrients were evenly distributed on 26 March 2009 and DIP 
was <1.0 µM, possibly limiting the growth of phytoplankton.

Conclusion

This study has contributed to an understanding of microalgal 
responses in a nutrient-rich permanently open estuary. The 
results from this study were used to provide specialist input on 
the microalgal component for the determination of the ecologi-
cal water requirements for the Sundays Estuary. This study 
showed that water column chlorophyll a was frequently >20 
µg·ℓ-1, and phytoplankton density often > 10 000 cells·mℓ-1, 
indicative of an extremely productive estuary. 

The consistently high nutrient-rich river flow keeps the 
build up of organic material low so hypoxic and anoxic events 
do not occur often. However, a reduction in river flow and the 
subsequent build up of sand in the mouth area are likely to 
increase the residence time of water in the estuary and lead to 
more frequent symptoms of eutrophication; i.e. anoxia associ-
ated with dense phytoplankton blooms. If phosphorus was 
better managed in the catchment of the Sundays River, it is 
likely that the frequency of phytoplankton blooms and the risks 
associated with eutrophication could be reduced. Records of 
long-term datasets need to be kept so that the range of the natu-
ral variation between and within estuaries on a seasonal and 
interannual basis can be established. By doing so, the different 
types of estuaries can be better understood and efficiently man-
aged. For the current study, difficulties were experienced in 
terms of using raw data from studies previously completed on 
the Sundays Estuary for comparison purposes.
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