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Abstract Micro-estuaries and micro-outlets repre-
sent small coastal waterbodies that differ in their
relative salinity and size, with the former being larger,
more saline (mesohaline versus oligohaline), and
exchanging with the sea more often than the latter.
There are thousands of these waterbodies along the
world’s coastline, yet few of these very small systems
have been identified and studied. We investigated
systematic differences between micro-estuaries and
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micro-outlets in terms of phytoplankton community
composition, including spatio-temporal variation in
both community structure and biomass (chlorophyll-
a). A multivariate analysis was used to assess differ-
ences in environmental variables, biomass and phyto-
plankton community composition across four seasons
and the two waterbody types. A total of 260 (63
families) and 244 (74 families) phytoplankton taxa
were identified within the micro-estuaries and micro-
outlets, respectively. Nano- and picoplankton were the
dominant groups in micro-estuaries, and pico- and
microplankton in micro-outlets. Micro-estuaries were
rich in phytoplankton taxa representative of marine,
estuarine and freshwater conditions, with a
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successional sequence in dominance evident, from
Chlorophyta during winter to Bacillariophyta in spring
and Cyanophyta in summer. By contrast, micro-outlets
were mostly dominated by freshwater taxa, with
Chlorophyta remaining the dominant group across
all four seasons. Higher phytoplankton biomass was
recorded during the winter when increased nutrients
were available following catchment flooding. Sea-
sonal switching in phytoplankton was reflected not
only in changing dominance patterns in both habitat
types but also in complete replacement of some
species in micro-outlets, despite Chlorophyta remain-
ing dominant. Such temporal turnover, which is often
accompanied by predictable seasonal changes in
environmental conditions, can promote overall species
richness by allowing more taxa to coexist in a single
environment through temporal niche segregation.

Keywords Biomass - Chlorophyll-a - Micro-
estuaries - Micro-outlets - Phytoplankton - Salinity

Introduction

Estuaries are regarded as one of the most productive of
all aquatic ecosystem types, with the nutrient supply
from freshwater inputs being crucial in sustaining the
high primary production rates (Fisher et al., 1988;
Vinayachandran & Mathew, 2003; Du et al., 2011;
Dalu et al., 2018). In many parts of the world, the
variability in estuary dynamics can involve switches
between open (i.e. connected with the ocean) and
closed (i.e. isolated from the ocean) mouth states,
which, in turn, causes changes in the nutrient dynam-
ics of these ecosystems (Roy et al., 2001). These
hydrological shifts have been shown to cause large
temporal and spatial variation in phytoplankton com-
position, biomass and production (Anandraj et al.,
2008). Although coastal waters occupy only 0.5% of
the total ocean volume, this zone can contribute up to
30% of overall marine primary production (Nixon
et al., 1986; Longhurst et al., 1995; Pan et al., 2016).

Phytoplankton communities contribute signifi-
cantly to this neritic production and to carbon fixation
in estuaries and other coastal water bodies (Sand-
Jensen & Borum, 1991; Ke et al., 2014; Lemley et al.,
2016). Furthermore, phytoplankton abundance and
species community composition reflect the
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environmental changes between and within riverine,
estuarine and marine ecosystem types (Ke et al., 2012;
Dalu & Froneman, 2016). Studies of phytoplankton
composition are, therefore, useful in terms of provid-
ing background information for higher trophic level
functioning and can also be used to inform the
management of such systems (Fonge et al., 2013).

The dynamics of phytoplankton in South African
estuaries have been widely investigated (Hilmer &
Bate, 1991; Adams & Bate, 1999; Thomas et al., 2005;
Anandraj et al., 2007; van der Molen & Perissinotto,
2011van Ginkel, 2012; Dalu et al., 2014, 2016) but no
studies have been conducted on phytoplankton com-
munities within the micro-estuaries or micro-outlets.
Of the more than 100 coastal micro-estuaries and
micro-outlets located on the African subcontinent,
only a few have had very preliminary studies (Bate
et al., 2017; Human et al., 2018). This contrasts with
the vast amount of detailed information available from
larger estuaries in the region (Allanson & Baird,
1999).

Micro-outlets are small freshwater-dominated sys-
tems with minimal water exchange with the sea and
may even dry out during prolonged droughts, when
stream flow ceases. In terms of salinity they are
usually oligohaline (0.5-5.0 ppt) and often located
above the spring high tide level (i.e. ‘perched’
systems; Fig. 1a, c). Micro-estuaries are slightly larger
than micro-outlets, with water exchange with the sea
occurring whenever the mouth is open. These systems
are usually mesohaline (5-18 ppt) and less ‘perched’
than micro-outlets (Fig. 1b, d). Because of their
limited estuarine features and unique physical and
chemical characteristics, these systems and their biota
provide a unique opportunity to explore when a coastal
outlet becomes an estuary. This study aims to use the
phytoplankton community composition and structure
of micro-estuaries and micro-outlets to act as an
environmental ‘indicator’ of whether these systems
are estuarine or not. If both micro-estuaries and micro-
outlets do possess true estuarine biota, then there is
ecological significance in terms of coastal connectiv-
ity; i.e. micro-estuaries and/or micro-outlets could
then fill ‘estuarine gaps’ along the coastline where
larger estuaries are absent.

The primary aim of this investigation was to
analyse whether there is any systematic difference
between micro-estuaries and micro-outlets in phyto-
plankton community composition and to assess the
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Fig. 1 Examples of sections from two micro-outlets, Black Rock (a) and Palm Tree (c), and two micro-estuaries, Mtendwe (b) and
Mtwendwe (d), investigated during the current Eastern Cape micro-systems study

spatio-temporal variation in phytoplankton commu-
nity structure and biomass over four seasons. We
hypothesised that more freshwater taxa would occur in
micro-outlets in comparison to micro-estuaries, pri-
marily due to differences in marine connectivity,
salinity ranges, system size and the relative influence
of freshwater flows.

Materials and methods
Study area

The study was conducted within the warm temperate
biogeographic region of South Africa, an area that can
receive precipitation at any time of the year, with
slight peaks in rainfall often occurring during autumn
and spring (Kopke, 1988). The coastline is greatly
influenced by the Agulhas Current, with inshore
coastal water temperatures varying between 14 and

20°C (Lutjeharms, 2006). Field work was conducted
over four seasons: July/August 2015 (winter), Novem-
ber 2015 (spring), January 2016 (summer) and May
2016 (autumn) between Gonubie and Black Rock
(~ 30 km coastal length; see Fig. 2).

Four micro-estuaries (channel width ~ 10-20 m,
channel length ~ 100-300 m, catchment size
~ 5-10 kmz), namely Kwesani, Cunge, Mtwendwe
and Mtendwe; and four micro-outlets (channel width
~ 2-5m, channel length ~ 30-60 m, catchment
size ~ 1 km2), namely Stromatolite, Sandy Bottom,
Palm Tree and Black Rock, were selected for this
study. Samples were collected from three sites (lower,
middle and upper) in the micro-estuaries and two sites
(lower and upper) in the shorter micro-outlets (Fig. 2).
All study ecosystems were open to the sea during
winter and spring, and closed during summer and
autumn, with the exception of Kwesani, which was
closed throughout the study due to the presence of a
boulder and pebble berm.
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Fig. 2 Location of the four micro-estuaries: A (Mt) Mtendwe, C Mtwendwe, D Kwesani, E (Cu) Cunge, and four micro-outlets: A (Bl)
Black Rock, B Palm Tree, E (St) Stromatolite, F Sandy Bottom. The solid black dots indicate study sites

Environmental variables

Dissolved oxygen, conductivity, pH, salinity and
temperature were measured 5 cm below the water
surface at each site using a YSI 6600-V2 Multi-probe
meter (YSI Incorporated, Ohio). Where the water
depth was > 50 cm, then additional readings were
taken at the sediment—water interface. Water depth
was measured using a graduated rod. Water samples
(1 I) were collected from each site (n = 2) in each
system and stored on ice for chlorophyll-a (chl-
a) concentration (proxy for phytoplankton biomass)
and total suspended solids (T'SS) determinations in the
laboratory. The water samples were collected at the
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subsurface level (0-30 cm) from the littoral zone and
channel at each site (Dalu et al., 2014).

In the field, water samples for nutrient analysis in
the laboratory were filtered through 0.45-pum syringe
filters and stored on ice. The filtered water samples
were then analysed for total oxidised nitrogen (TO,N)
using the reduced copper cadmium method (Bate &
Heelas, 1975), and ammonium (NH,") and soluble
reactive phosphates (SRP) using standard spectropho-
tometric methods (Parsons et al., 1984). Total sus-
pended solids were estimated after filtration of 250 ml
of water (n = 2) for each site and system. Filtration
was conducted in the laboratory on samples that had
been stored on ice, using a Millipore (Swinnex
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47 mm) filter holder and pre-weighed 0.7-um What-
man GF/F filters. The filter membranes were then
dried at 70°C for 48 h to determine total suspended
solids.

Phytoplankton biomass

Chl-a concentration was used to determine the size-
fractionated pelagic phytoplankton biomass. In the
laboratory, water samples (n = 2 per site) were used
for the determination of size-fractionated chl-a mea-
surements by serially filtering aliquots (100-250 ml,
vacuum < 5 cm Hg) through a 20-pm Nitex nylon
mesh filter (microplankton > 20 pm), a 2-um Milli-
pore isopore membrane filter (nanoplankton 2-20 pm)
and a 0.7-um Whatman GF/F filter (picoplankton
0.7-2 pm; Sieburth et al., 1978). After filtration, the
chl-a was extracted by placing filters in separate
labelled vials containing 10 ml of 90% acetone for
24 hin the dark. A Turner Designs 10-AU fluorometer
fitted with a narrow-band, non-acidification system
was used to determine chl-a concentration through
fluorescence measurements (Welschmeyer, 1994).

Phytoplankton communities

Three 10 1 subsurface water samples (5-40 cm depth),
one on either side of each site in each system (littoral
zones) and one in the channel, were collected and then
pooled together in a 40-1 bucket and stirred. There-
after, a 1 1 subsample was taken as representative of
the study site for the determination of phytoplankton
composition and abundance and preserved in 5% non-
acetic Lugol’s iodine solution.

In the laboratory, the phytoplankton samples were
left to settle for 48 h as per Utermdhl’s technique.
Final aliquots were ~ 10—-100 ml of the samples after
sedimentation depending on phytoplankton abun-
dances in each sample. Species determination and
enumeration were performed using an inverted Nikon
TMS light microscope at x400 magnification. In some
cases, a phytoplankton subsample was digested using
hot hydrochloric acid and potassium permanganate, a
method used for detailed diatom identification (Taylor
et al., 2005). Identification of diatom taxa was
conducted at x 1000 magnification under oil immer-
sion, with a minimum of 300-650 valves being
counted for each sample using an Olympus CX
compound microscope and the results were analysed

qualitatively. All phytoplankton taxa were identified
to the lowest possible level, i.e. genus or species using
the keys of John et al. (2002) and Taylor et al. (2007).

The photosynthetic available radiation (PAR) in
the range 400-700 nm was measured on-site, 5 cm
below the water surface and immediately above the
sediment, using a LI-COR light meter fitted with a LI-
193SA  spherical quantum sensor (LI-COR,
Nebraska). PAR values were used to calculate the
diffusive light attenuation coefficient (Ky), using the
following equation:

Ko=—In(lp +11)/(z22 — 21),

where I, is irradiance (mmol m~2 s_l) at depth z,
(m) and I; is irradiance at depth z; (Kiihl et al., 1997;
Perissinotto et al., 2010).

Data analysis

Two-way analysis of variance (ANOVA) was used to
assess the differences in environmental variables, chl-
a concentration and phytoplankton species richness
across the study seasons (winter, spring, summer,
autumn) and waterbody type (micro-estuaries, micro-
outlets) using SPSS 16.0 for Windows software (SPSS
Inc., 2007). Prior to multivariate analysis, all phyto-
plankton composition and abundance data were log;,
(x + 1)-transformed to reduce heteroscedasticity.
Distance-based Permutational Analysis of Variance
(PERMANOVA; Anderson, 2001) was conducted
using PRIMER v6 add-on package two-way PERMA-
NOVA+ (Anderson et al., 2008) to determine whether
the phytoplankton community and full suite of
normalised environmental variables differed among
study seasons and waterbody types. Each term in the
analysis was tested using 9999 permutations of the
correct relevant permutable units (Anderson & ter
Braak, 2003), with significant terms investigated using
a posteriori pair-wise comparison with the PERMA-
NOVA r-statistic (Anderson et al., 2008).

The similarity percentages routine (SIMPER) was
used to determine the phytoplankton taxa contributing
to any differences among waterbody types. SIMPER
analysis breaks down the contribution of each taxon to
the observed similarity and/or dissimilarity between
samples and allows the identification of taxa that are
most important in creating the observed pattern of
similarity and/or dissimilarity. To evaluate seasonal
changes in phytoplankton community structure per
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system and among-site separation within each system, estuaries due to a more regular marine connection
n-MDS analysis was carried out (Kruskal & Wish, (Fig. 3; Table 1). That is, micro-outlets were mostly
1978) using PRIMER in autopilot mode to allow the oligohaline (0.5-5.0 ppt) and micro-estuaries mostly

programme to choose the best solution at each mesohaline (5-18 ppt) during the study period, with
dimensionality. The Bray—Curtis dissimilarity was the exception of the spring sampling event when all
used as a measure of distance. systems were oligohaline due to high freshwater

inputs. This shows that different hydrological pro-
cesses operate within each waterbody type, which is

Results reflected in their physical and chemical properties.
Significant differences (2-way ANOVA) between
Environmental variables waterbody types were recorded for temperature
(Fa77) = 8.724, P =0.004), salinity

All systems were saline throughout the study period (Fa77) = 13.836, P < 0.001), DO (F( 77 = 6.516,
(Fig. 3), with higher salinity values recorded in micro- P =0.013) and NHy (F(,77) =8.724, P =0.004;
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Fig. 3 Daily mean (black solid line; n = 24) and range (shaded and e Sandy Bottom, and two selected micro-estuaries, namely
grey ribbon; minimum-maximum) of salinity values recorded in b Mtendwe and d Mtwendwe, between November 2015 to
three selected micro-outlets, namely a Black Rock, ¢ Palm Tree December 2016
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Table 1 Seasonal environmental variables recorded in the micro-estuaries and micro-outlets during 2015 and 2016
Variable Winter Spring Summer Autumn
Range Mean + SD Range Mean + SD Range Mean + SD Range Mean + SD
Micro-estuaries
Temperature 11.2-158 132+£12 16.7-199 18.7 £ 1.1 24.1-374 279+£39 151203 172+14
°O
Conductivity 0.5-29.7 113 +£122 0.6-58 23421 1.8-36.6 142 £ 127 4.6-37.6 279 £ 142
(ppt)
Salinity (ppt) 0.2-18.4 68 =74 0.3-3.2 12+ 1.1 0.9-24.0 9.0+£92 25-239 175+£92
DO (mg 17 6.8-10.1 88 £ 1.3 6.9-9.6 85+£09 3.9-11.2 7.0 £ 2.6 3.1-8.6 6.1+ 15
pH 8.0-8.7 84 £02 8.4-8.8 8.6 £0.1 8.0-9.8 88 £0.5 7.4-8.6 81+£04
Water depth 0.14-0.82  0.29 £0.22 0.10-0.36 0.20 +0.09 0.01-0.30  0.16 £ 0.08 0.01-0.26  0.12 £ 0.06
(m)
Turbidity 47-147.1 747 £523 85-661.0 1679 £ 2253 0.0-353 11.6 £11.7 0.0-18.2 26 5.1
(NTU)
TSS (mg1™")  19.0-152.6 62.6 &+ 39.6 16.0-81.6 329 £22.8 10.8-102.8 45.1 £33.1 15.2-106.6 71.1 & 32.7
NH, (uM) 0.0-7.3 28 £0.7 0.01-5.6 14 £05 3.9-10.9 7.1 £04 42-219 11.0£05
TON (M) 0.0-7.9 33+ 1.0 0.2-5.1 1.8 £0.5 0.1-2.3 06+02 0.01-7.6 23+04
SRP (uM) 0.0-6.1 224+05 0.02-0.8 0.4 + 0.1 0.5-4.5 1.1 £04 0.04-35 09 £ 0.1
Micro-outlets
Temperature 12.3-164 138 £14 16.1-20.0 185+ 1.5 13.0-26.8 22.7+45 143-184 16.0 £ 1.7
§®)
Conductivity 0.8-30.3 78 173 0.6-1.0 0.8 £ 0.1 1.1-433 133 £309 1.0-19.2 4.2 £ 6.1
(ppH)
Salinity (ppt) 0.4-33.0 49+ 114 0.3-05 04 +0.1 0.6-1.7 1.0+ 04 0.5-11.6 24 +£37
DO (mg 17) 8.2-10.5 9.7+£0.7 8.2-9.9 93 £0.6 33-124 7.7 £ 3.1 4.5-13.0 79 £28
pH 7.8-8.8 83 £03 8.2-9.3 87£04 8293 87+£04 7.6-8.8 83+£04
Water depth 0.13-0.63  0.30 £0.17 0.12-0.29 021 £0.06 0.07-0.34 0.19 £0.09 0.05-0.26  0.15 £ 0.08
(m)
Turbidity 38.5-118.2 70.6 & 23.2 24.5-99.5 529 + 264 0.2-8.6 3.0+ 3.0 0.0-6.4 124+23
(NTU)
TSS (mg1™")  15.4-149.0 55.8 4522 11.0-42.7 26.8 + 9.7 8.8-36.2 184 £9.38 5.6-196.8 449 + 65.5
NH, (uM) 0.4-2.5 0.7 £ 0.6 0.2-12.9 21 +20 58-63.7 147+ 132 8.6-47.8 156 £ 8.1
TO,N (uM) 0.7-8.2 4.6 £ 0.6 0.3-43 21+03 0.2-0.6 04 +0.03 0.1-2.1 0.8 £0.2
SRP (uM) 0.02-3.8 1.6 £ 0.7 0.2-0.9 04 £0.1 0.5-3.0 14+£01 0.02-39 1.1 £0.38

DO dissolved oxygen, NH, ammonium, TO,N total oxidised nitrogen, nitrate + nitrite, SD standard deviation, SRP soluble reactive
phosphorus, 7SS total suspended solids

Table 2). Both waterbody types were alkaline (mean
pH 8.0-9.0). The mean water temperature ranged from
13.2°C (winter) to 27.9°C (summer) for micro-estu-
aries and a smaller range was recorded for micro-
outlets, namely 13.8°C (winter) to 22.7°C (summer).
The dissolved oxygen (DO) concentration was gener-
ally higher in winter for micro-outlets (range
8.2-10.5 mg 1”') when compared to micro-estuaries
(6.1-10.1 mg 1™'; Table 1).

Turbidity was higher in spring (micro-estuary mean
167.9 NTU) and winter (micro-outlet mean 70.6 NTU)
and lower in autumn for both ecosystem types (< 3.0
NTU). Mean total suspended solids, TO,N and SRP
were generally higher for the micro-estuaries, with
NH,4 being higher for micro-outlets (Table 1). There
were significant seasonal differences (ANOVA,
P < 0.05) in all environmental variables for both
system types. Overall, environmental conditions
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Table 2 Two-way analysis

Variable Season Type Season x Type

of variance (ANOVA)

based on environmental Fa7s) P Fuam P Fi7s) P

variables and size-

fractionated Environmental

chl-a concfentration to Temperature 75.279 < 0.001 8.724 0.004 5.379 0.002

identify differences among Conductivity 4.147 0.009 3.899 0052 3188 0.029

the two main waterbody o

types, viz. micro-outlets Salinity 5.497 0.002 13.836 < 0.001 4.466 0.006

versus micro-estuaries DO 6.402 0.001 6.516 0.013 0.29 0.832
pH 9.868 < 0.001 0.009 0.927 1.037 0.381
Water depth 5.912 0.001 0.931 0.338 0.087 0.967
Turbidity 5.952 0.001 2.243 0.139 1.674 0.181
TSS 3.44 0.021 2.444 0.122 0.661 0.579
SRP 7.747 < 0.001 0.509 0.478 1.759 0.163
TOxN 24.774 < 0.001 0.858 0.358 1.665 0.182
NH, 25.812 < 0.001 6.049 0.016 1.703 0.174
K4 0.869 0.461 0.991 0.323 0.732 0.536
PAR top 3.925 0.012 0.311 0.579 1.273 0.29
PAR bottom 7.272 < 0.001 0.035 0.852 1.729 0.169

Chlorophyll-a

Picoplankton 4.47 0.006 0.096 0.757 1416 0.245
Nanoplankton 5.069 0.003 0.819 0.368 1.223 0.308
Microplankton 4.529 0.006 8.298 0.005 4.596 0.005

Bold values indicate Community metrics

significant differences Taxa richness 25843 < 0.001 2,477 0.12 1.732 0.168

(P < 0.05)

differed between seasons (PERMANOVA Pseudo-
F76)= 8327, P <0.001) and waterbody type
(Pseudo-F(; 77y = 3.478, P =0.001), but there was
also a significant interactive effect between season and
waterbody type (Pseudo-F(3 75, = 1.787, P = 0.023).
Light attenuation coefficients (K,) in the micro-
estuaries peaked during spring (93.4 m~') before
decreasing to a low of 5.2 m~" in summer (Fig. 4b).
The K coefficient decreased from winter (10.2 m™!)
to summer (3.1 m_l). Coefficients for both micro-
estuaries and micro-outlets increased gradually from a
summer low to an autumn high (Fig. 4b), but no
significant differences (P > 0.05) across seasons and
waterbody types were recorded (Table 2). For the
micro-estuaries, surface irradiance (PAR) varied
between 366.6 and 560.2 pmol m~2 s~! while bottom
irradiance (PAR) levels ranged between 78.6 and
281.4 pmol m~? s~ ', Peak irradiance for both surface
and bottom values was recorded in summer (Fig. 4c,
d). In the micro-outlets, surface irradiance ranged
between 68.5 (summer) and 534.4 pmol mZs!
(spring), while the bottom irradiance levels were
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26.7 (winter) to 461.1 pmol mZs! (summer;

Fig. 4c, d). Strong seasonal differences were recorded
for top and bottom PAR values in micro-outlets
(Table 2).

Phytoplankton communities

A total of 341 phytoplankton taxa belonging to 12
phyla and 77 families were identified from 130
different genera. Bacillariophyta was the most abun-
dant division (161 species), followed by the Chloro-
phyta (62 taxa), Euglenophyta (50 taxa) and
Cyanobacteria (30 taxa). A total of 260 (63 families)
and 244 (74 families) taxa were identified within the
micro-estuaries and micro-outlets, respectively.
Unique phytoplankton taxa for the micro-estuaries
and micro-outlets numbered 77 and 108 taxa, respec-
tively (Table S1). The most abundant species in micro-
estuaries were Euglena sp. 1, Microcystis flos-aquae
(Wittrock) Kirchner, Chlorella minutissima Fott &
Novakova, Monoraphidium contortum (Thuret)
Komarkova-Legnerova, Trachelomonas volvocina
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Fig. 4 Variation in a phytoplankton taxa richness, b light attenuation coefficient (Ky), ¢ photosynthetic available radiation (PAR) top
and d PAR bottom among the micro-estuaries and micro-outlets. Error bars represent standard deviations

var. subglobosa Lemmermann, Scenedesmus commu-
nis E.Hegewald and Amphora coffeaeformis
(C.Agardh) Kiitzing, while Euglena sp. 1, Chroococ-
cus dispersus (Keissler) Lemmermann, Chlamy-
domonas crassa H.R.Christen, Euglena ehrenbergii
G.AKlebs, Peridinium sp., Trachelomonas sp. 1,
Merismopedia glauca (Ehrenberg) Kiitzing and An-
abaena sp. 1 were most abundant in micro-outlets.
Taxa richness increased from winter to autumn
(Fig. 4a), with a strong seasonal variation (ANOVA,
P < 0.05) but no significant difference between
waterbody types (Table 2).

The n-MDS ordination based on phytoplankton
taxa (all seasons pooled) was discriminated among
waterbody types (stress values of 0.20 indicated a
useful two-dimensional representation of the groups;
Fig. 5). The strong overlap observed between micro-
estuaries and micro-outlets, especially during winter
and some autumn and summer sites, could be
attributed to marine water intrusion, causing the
freshwater-dominated micro-outlet systems to attain

short-term salinity levels similar to with those mea-
sured in the micro-estuaries (Fig. 5). The sites were
separated on a salinity gradient along the first axis,
with Staurosirella pinnata (Ehrenberg) D.M.Williams
& Round, Oscillatoria sp., Cyclotella meneghiniana
Kiitzing and Diploneis elliptica (Kiitzing) Cleve
associated with less saline sites (i.e. mostly freshwa-
ter-dominated micro-outlets), whereas Chlorella
minutissima Fott & Novakova, M. flos-aquae, Euglena
oblonga F.Schmitz and Achnanthidium minutissimum
(Kiitzing) Czarnecki were associated with more saline
sites (i.e. mostly micro-estuaries).

The similarity percentage (SIMPER) analysis
revealed an overall average dissimilarity between
micro-estuaries and micro-outlets of 94% (Table 3).
Approximately 74 phytoplankton taxa caused about
60% of the dissimilarity observed, with 18 taxa each
contributing > 1% of the dissimilarity between micro-
estuaries and micro-outlets (Table 3). Based on
PERMANOVA analyses, phytoplankton communities
varied across seasons (Pseudo-F(; 77, = 3.190,
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Fig. 5 n-MDS ordination
highlighting variation of
phytoplankton communities
across seasons and
waterbody types. Polygons
indicate the two
waterbodies: light grey—
micro-estuaries and dark
grey—micro-outlets

Table 3 SIMPER results
(> 1% dissimilarity
contribution) for
dissimilarity (93.87%) in
phytoplankton taxa between
waterbody types, i.e.
between micro-estuaries
and micro-outlets

Av. Dis. average
dissimilarity, Contrib.%
percentage contribution,
Cum.% percentage
cumulative contribution

P <0.001) and

waterbody
Fi7s =3.682, P <0.001). Using PERMANOVA
pair-wise comparisons, strong similarities in the

Season
=| A Autumn
% v Spring
g Summer
=| & Winter
| @ Autumn
g @ Spring
8| © Summer
=| @ Winter
Species Av. Dis.  Contrib.%  Cum.%
Euglena sp. 1 2.90 3.09 3.09
Trachelomonas sp. 1 1.92 2.05 5.13
Peridinium sp. 1.56 1.66 6.79
Chroococcus dispersus (Keissler) Lemmermann 1.52 1.61 8.40
Navicula erifuga Lange-Bertalot 1.44 1.53 9.93
Achnanthidium crassum (Hustedt) Potapova & Ponader 1.24 1.32 11.25
Euglena sp. 2 1.20 1.28 12.53
Achnanthidium minutissimum (Kiitzing) Czarnecki 1.19 1.27 13.8
Amphora coffeaeformis (Agardh) Kiitzing 1.15 1.22 15.03
Staurosirella pinnata (Ehrenberg) D.M.Williams & Round  1.13 1.20 16.23
Anabaena sp. 1 1.07 1.14 17.37
Trachelomonas volvocina (Ehrenberg) Ehrenberg 1.04 1.11 18.48
Trentepohlia sp. 1.03 1.09 19.57
Microcystis flos-aquae (Wittrock) Kirchner 1.03 1.09 20.67
Merismopedia glauca (Ehrenberg) Kiitzing 0.99 1.05 21.72
Unidentified filamentous algae sp. 2 0.98 1.04 22.76
Chaetomorpha crassa (Agardh) Kiitzing 0.96 1.02 23.78
Trachelomonas sp. 2 0.94 1.00 24.78

types  (Pseudo-

P =0.9963), but

phytoplankton communities within each system were
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recorded for summer versus autumn (¢t = 0.609,

differences

(P < 0.01) being documented across all other seasons.
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Phytoplankton biomass

The chl-a concentration, as a proxy of phytoplankton
biomass, showed significant variation among seasons
(PERMANOVA, Pseudo-F(37s) = 13.811, P < 0.001)
and waterbody types (PERMANOVA, Pseudo-F; 77, =
7.673, P < 0.001; Figs. 5 and S1). Generally, the
highest chl-a concentrations were recorded during
winter and the lowest during summer. Pico-
(0.7-2 um) and nanoplankton (2-20 pm) were the
dominant phytoplankton size fractions in micro-estu-
aries, with the latter being more prevalent. Micro-
(> 20 um) and nanoplankton (2-20 pm) were the
dominant phytoplankton size fractions in micro-out-
lets (Fig. 6). Two-way ANOVAs showed significant
differences (P < 0.01) among respective chl-a con-
centrations (i.e. phytoplankton size fractions among
seasons), whereas microplankton (> 20 pum) was
significantly different among the different waterbody
types (F = 8.298, P = 0.005; Fig. 6, Table 2).

Discussion

Phytoplankton community structure was found to be
significantly different across the different waterbody
types, thereby supporting the hypothesis that the
phytoplankton community could potentially be used
to identify the differences between micro-estuaries
and micro-outlets. The communities were highly
seasonal across the two waterbody environments and
exhibited strong oscillations in structure (see Table S2
for dominant taxa), with turnover from one unique
phytoplankton community type to another occurring
across seasons. Hence, it seems that seasonality played
a key role in promoting spatio-temporal diversity of
phytoplankton communities within micro-outlets and
micro-estuaries.

We also found that collectively the phytoplankton
across all systems (both micro-estuaries and micro-
outlets) was highly diverse, with the total number of
genera (n = 130) for both types of systems (see
Table S1) being higher than that recorded within
much larger and permanently open Eastern Cape
estuaries such as the Kowie (Dalu et al., 2014) and
Sundays (Janse van Vuuren & Taylor, 2015). This
could be attributed to wind-mixing which plays an
important role in phytoplankton community compo-
sition due to turbulence causing bottom water, loaded

with nutrients and some benthic diatoms, to be
upwelled to the water surface (Demers et al., 1987;
Abbate et al., 2017), as well as high freshwater inflows
bringing freshwater taxa into these systems (see Snow
& Adams, 2007; Lemley et al., 2016). Such processes
highlighted above could have resulted in the contin-
uous physical mixing of freshwater, estuarine and
marine phytoplankton species, thus creating an ‘ap-
parent’ high diversity. The number of phytoplankton
taxa was, however, very similar or slightly lower for
each individual micro-estuary and/or micro-outlet
when compared to individual larger permanently open
estuaries within the region (e.g. Dalu et al., 2014;
Janse van Vuuren & Taylor, 2015).

The higher fish and zooplankton biomass recorded
in the micro-estuaries compared to micro-outlets
(Magoro et al., unpublished data) could partially
explain the differences observed in phytoplankton
community structure. The phytoplankton biomass
decreased from winter, through spring and summer,
to autumn in both system types, possibly due to
increased grazing by invertebrates and heterotrophic
activity during spring and summer. A similar pattern
to that described above has been recorded by Tucker
et al. (1984), Livingston et al. (2002) and Domingues
et al. (2011). It is noteworthy that the phytoplankton
biomass in the micro-systems investigated in our study
was generally lower than that recorded in Eastern
Cape river systems (see Dalu et al, 2014 for a
freshwater—estuarine chl-a concentration compar-
ison). In addition, the slightly higher pH levels
observed during spring and summer for both micro-
estuaries and micro-outlets might also have had a
profound negative effect on phytoplankton productiv-
ity (see Hinga, 2002).

Significant differences in phytoplankton biomass
occurred across the two waterbody types, with the
microplankton size fraction being significantly differ-
ent between micro-estuaries and micro-outlets. Phy-
toplankton biomass (chl-a concentration) recorded
during this study in micro-estuaries and micro-outlets
was relatively similar to that observed in smaller
temporarily open/closed ecosystems (Nozais et al.,
2001; Perissinotto et al., 2002; Kruger & Strydom,
2011; Dalu et al.,, 2014). The micro-estuaries and
micro-outlets generally followed a similar trend to
what has been observed in the Kowie (Dalu et al.,
2014) and St Lucia (Perissinotto et al., 2010) estuaries,
where nano- and picoplankton were the dominant
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Fig. 6 Spatial and temporal variation in phytoplankton size
fractions among study sites along the warm temperate region of
South Africa during the study seasons: a, b winter, ¢, d spring, e,

groups. However, for the micro-outlets, there was a

switch in dominance from nano- and picoplankton
(winter, spring) to pico- and microplankton (summer,
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f, and g, h autumn; micro-estuaries—Cunge, Kwesani,
Mtendwe, Mtwendwe; micro-outlets—Black Rock, Palm Tree,
Sandy Bottom, Stromatolite

autumn). This switch was also highlighted by changes
in phytoplankton community composition, as some
species were lost and replaced by new ones. That is,
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there were different species occupying the same site
during different seasons in micro-estuaries, thus
increasing the total species richness for these systems,
a common phenomenon in predictably seasonal envi-
ronmental regimes, such as in these micro-systems
(Tonkin et al., 2017).

When nutrient supply inputs are sudden, as is
expected for the micro-estuaries influenced by inter-
mittent or pulsed flow events (i.e. freshwater or marine
inputs), phytoplankton are expected to be charac-
terised by alternating succession dynamics, a phe-
nomenon well documented for temperate inland water
bodies (Roelke & Spatharis, 2015). In our study, the
increased frequency and duration of inflows (see
Human et al. (2018) for more detailed information)
was concurrent with the emergence of filamentous
algal mats. The potential for flow inputs to be a
significant predictor of algal abundance has also been
shown by Hensley & Cohen (2017). When nutrient
supply is suddenly increased due to pulsed river flow
or tidal influence, phytoplankton communities will
show alternating successional patterns driven by
nutrient availability and competition for available
resources (Roelke & Spatharis, 2015). Therefore, the
Euglenophyta (i.e. Euglena spp. and Trachelomonas
spp.) were observed across all seasons, with peak
dominance during winter after the floods.

During open-mouth conditions in winter and spring
(with exception of Kwesani), the phytoplankton
communities comprised a high number of brackish
water species that were completely different to those
observed under closed mouth conditions when more
freshwater taxa were dominant (see Table S2). It was
further noted that seasonal switching in phytoplankton
communities was reflected not only in dominance
patterns in both habitat types, but, more clearly in the
complete replacement of some species in micro-
outlets. Such temporal turnover, which is often
accompanied by predictably seasonal changes in
environmental conditions, can promote overall biodi-
versity by allowing more species to coexist in a single
environment through temporal niche segregation
(Tonkin et al., 2017). Indeed, we found this in our
study, with greater overall diversity in micro-outlets
(Table S1).

In micro-estuaries, which we presume to be similar
to other estuary types where nutrients are usually non-
limiting, the observed phytoplankton taxa succession
was restricted to the Margalef (1958) first-stage

succession model (i.e. small cells with high growth
rates), which involves typical species for frequently
destabilised environments (Levasseur et al., 1984).
Our results demonstrate that the water column desta-
bilisation frequency, due to intermittent and regular
tidal action in micro-outlets and micro-estuaries,
respectively (see Fig. 3), along with freshwater inflow
events, controls the growth rates of phytoplankton
cells through nutrient additions, as highlighted by
Snow & Adams (2007) and Snow & Bate (2009).
Light intensity determines the occurrence of non-
motile forms such as diatoms due to photosynthetic
requirements, and temperature sets the conditions for
optimal metabolic activity. These drivers, including
salinity, will determine phytoplankton composition
and succession, e.g. flagellate numbers and diatom
species succession (Levasseur et al., 1984). This
finding was especially true for the micro-estuaries,
where a phytoplankton succession was more evident,
with the dominance of Chlorophyta in winter changing
to Bacillariophyta dominance in spring and Cyanobac-
teria in summer (Table S2). However, in the micro-
outlets, while the dominance of different individual
taxa changed, Chlorophyta remained the dominant
class during all seasons.

In conclusion, the distinct seasonality in both
micro-outlets and micro-estuaries allowed a consid-
erable number of phytoplankton species to coexist
through temporal turnover in assemblages between the
different seasons. Surprisingly, despite the ephemeral
nature of micro-outlets over both short and longer time
scales, these systems are highly diverse and rich in
phytoplankton species that are representative of
marine, estuarine and freshwater sources. The clear
differences in community structure across the differ-
ent waterbody types lend support to the hypothesis that
phytoplankton communities could be used to identify
differences between micro-estuaries and micro-out-
lets. These results highlight the importance of valuing
and protecting these coastal ecosystems, which har-
bour considerable biodiversity and may play an
important role in maintaining connectivity among
larger coastal waterbodies globally.
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