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Background: The understanding of the impact of land-use on the dynamics of
phytoplankton assemblages during varying climate conditions on rivers is limited.

Objective: To determine the impact of land-use types and flow on phytoplank-
ton assemblages in the Sabie River.

Methods: The relationships between land-use patterns, water quality and phy-
toplankton assemblages were analysed using canonical correspondence analyses
(CCA).

Results: Six main land-use types could be distinguished in the eight identified
sub-catchments of the river. The CCA results showed that the land-use had a
stronger correlation with phytoplankton classes during the higher flow conditions
than during low flow conditions. The forestry land-use type had the strongest
correlation with nitrate—nitrite concentrations in the Sabie River. Chlorophyll-a
concentrations were higher during 2016, and a slightly lower number of genera
were observed for the class Chlorophyceae. During 2017 the number of genera
of the class Cyanophyceae decreased together with chlorophyll-a and total cell
concentrations.

Conclusion: Low flow conditions favoured filamentous genera that are common
to mesotrophic conditions while higher flow conditions favoured single-celled
small genera more common to oligotrophic waters with higher disturbance. This
study showed that flow has the potential to enhance the impact of land-use on
phytoplankton community dynamics in a river system and thereby may have fur-
ther impacts on the health and activities of surrounding communities.

Keywords: river, water quality, cyanobacteria, drought, phytoplankton biomass.
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Introduction

Climate and land-use are two emerging factors (since 2006) that impact on
and threaten freshwater biodiversity and aquatic ecosystem health (Hayes et
al. 2015; Abirhire et al. 2016; Xizhi et al. 2017; Reid et al. 2019). Many stud-
ies have shown that land-use changes and pressure can significantly affect the
water quality of rivers, lakes and reservoirs (Kdndler et al. 2017; Vrebos et al.
2017; Shi et al. 2017). Agriculture and urbanisation can increase the transport
of nutrients into water bodies via run-off (Xu & Zhang 2016; Shi et al. 2017),
and therefore also influence phytoplankton abundance and composition (Kat-
siapi et al. 2012). The effect of climate is more difficult to quantify since pre-
cipitation and temperature affect the flow of water, whilst nutrient loading is
known to alter phytoplankton assemblage, diversity and biomass (Michalak
2016; Bussi et al. 2016). Poor water quality and higher temperatures are often
associated with high cyanobacterial biomass (Abirhire et al. 2016; Bussi et al.
2016), while the Chrysophyceae, Dinophyceae and Bacillariophyceae are of-
ten associated with lower nutrient levels (Katsiapi et al. 2012). The biodiversity



https://orcid.org/0000-0002-9299-2769
https://orcid.org/0000-0003-3243-3946
https://orcid.org/0000-0001-9493-3503

Page 2 of 18

and biomass of the Chrysophyceae are known to de-
crease as the Cyanophyceae cell concentrations in-
crease (Katsiapi et al. 2012). Organic enrichment in
rivers is known to favour Euglenophyceae (Katsiapi et
al. 2012).

Despite the fact that freshwater ecosystems are hotspots
for biodiversity endangerment (Reid et al. 2019), there
still is a bias towards conserving terrestrial biodiversi-
ty (Cantonati et al. 2020). Freshwater biodiversity is
particularly vulnerable as it is also a vital resource for
humans (Cantonati et al. 2020). The use of freshwater
ecosystem services will inevitably have a negative effect
on water quality (Cantonati et al. 2020). Any change in
the physical condition and nutrient inputs, which affect
the dynamics of a phytoplankton community, can have
far-reaching effects on the health and activities of those
surrounding human communities due to nuisance
bloom forming species (Winder & Sommer 2012).

The water quality of the Sabie River is regarded as
relatively good when compared to other rivers in the
Limpopo Province such as the Olifants and Crocodile
rivers (Griffin, Palmer & Sherman 2014; Shikwambana
etal. 2021). The water of the Sabie River system is very
important to both the society and the regional econo-
my, which relies heavily on agriculture and ecotourism
(Tlou 2011; Roux et al. 2017). Commercial forestry
plantations, commercial agricultural lands and urban-
isation are having an increasing impact on the water
demands in the catchment (Roux et al. 2017). This
has the potential to negatively impact not only on the
aquatic and riparian zones, but also on ecotourism in
the conservation land-use areas. According to Roux et
al. 2017, as well as field observations made during this
study, pollutants enter the Sabie River and its tributaries
through stormwater run-off drains and dumping of do-
mestic waste in the rivers and riparian zones. Dysfunc-
tional wastewater treatment works further contribute to
a decline in water quality (Barnard et al. 2019). Rural
and now peri-urbanising communities in the Bush-
buckridge area greatly increased in extent due to rural
migration and immigrants from neighbouring countries
(Pollard & Walker 2000; Tlou 2011).

The water demands for this area are expected to in-
crease, with a concomitant and magnifying impact on
the water quality of the Sabie River’s tributaries, such
as the Marite, and the Sand, and ultimately impact on
the Sabie River. Moreover, this is expected to impact
on phytoplankton diversity and biomass. Monitoring
the impact of anthropogenic disturbances on fresh-
water quality is essential to indicate the viability of the
water source for the provision of various ecosystem ser-
vices (Katsiapi et al. 2012). This has particular relevance
during changing climatic conditions such as the drought
experienced in the Sabie-Sand catchment during 2016
(Smit 2017) and the impacts of immediate postdrought
periods of higher precipitation in 2017.
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The aim of this study was two-fold, to investigate: (i) the
impact of the current land-use (forestry, agriculture/set-
tlements and conservation) on phytoplankton assem-
blages of the Sabie River during low flow conditions of
a drought; and (ii) whether higher flow conditions im-
mediately after the drought altered the impact of land-
use and land cover. To meet these aims the first objec-
tive was to determine the land-use and land cover of
the study area. The second objective was to determine
the nutrient levels that support phytoplankton growth,
and the third objective was to determine the change in
phytoplankton assemblages in the Sabie River during
low flow conditions followed by high flow conditions.

Materials and Methods
Study area

The Sabie-Sand Catchment is one of three sub-catch-
ments that fall under the Inkomati-Usuthu Water Man-
agement Area (IUWMA). As seen in Figure 1, the Sa-
bie-Sand Catchment lies in the north of the IUWMA,
and the Kruger National Park (KNP) is situated to the
east where the Sand River joins the Sabie River as one
of its main tributaries (Pollard & Du Toit 2011). The
Sabie River flows through three distinct land-use zones,
namely: (i) a forestry-dominated mountainous area to
the west; (ii) a hilly and undulating landscape dominat-
ed by dense settlements and smallholder farming; and
(i) a large conservation area including the KNP and
the Sabie-Sands Game Reserve in the east. The Sabie
River in Mozambique decants into Corumana Dam be-
fore finally entering the Incomati River near the town
of Moamba in Southern Mozambique (Pollard & Du
Toit 2011).

According to the vegetation classification by Mucina
and Rutherford (2006), the upper Sabie Catchment is
part of the Mesic Highveld Grassland Bioregion and
the lower catchment, below Sabie, forms part of the
Lowveld Bioregion. Each bioregion constitutes a num-
ber of more detailed vegetation types as described by
Mucina and Rutherford (2006). Whereas the upper
catchment is grassland, the lower catchment is savan-
na with a prominent woody layer and grass-dominated
herbaceous layer. The average annual rainfall decreas-
es along the topographical gradient from the mountain-
ous areas in the west through the foothills and towards
the lower, flatter reaches of the Sabie River in the east.
Rainfall ranges from 900 to 1 500 mm/a in the west
and 348-600 mm/a in the east of the catchment. Eight
sampling locations were chosen in collaboration with
the Incomati-Usuthu Catchment Management Agency
(IUCMA) (Figure 1). These eight sampling sites were at
the same localities where IUCMA sample from in order
to make data sharing possible.
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Figure 1. Locality map indicating the geographical position of the Sabie Catchment (insert) and the distribution of the eight sampling sites
and the three gauge stations associated with the drainage basins.

Sample collection and analyses

Sampling of chemical and physical variables occurred
on eight separate occasions, during January, April, July
and October of 2016 and 2017. During each sampling
occasion, a nine litre grab sample of surface water was
taken at each sampling site. The physical-chemical
parameters were determined in situ, using a YSI 556
handheld field multi-meter, that included: barometric
pressure (mmHg); electrical conductivity (uS/cm); per-
centage dissolved oxygen (%DO); pH; and water tem-
perature (°C). The multi-meter was calibrated by Rand
Water Analytical Services before each sampling trip ac-
cording to the manufacturer’s prescribed protocol.

All' chemical, microbiological and hydro-biological
analyses were carried out by Rand Water Analytical
Services. The standard methods of the American Public
Health Association (APHA) (2013) were used, and the
laboratory is accredited according to the South African
National Accreditation System (SANAS) that is affiliated
to the International Laboratory Accreditation Coopera-
tion (ILAC). Due to the method of detection used and
the reporting limit set by Rand Water, it was decided
to report the concentration of total phosphates. The
reporting limit for ammonia at Rand Water is <0.05
mg/l and values reported here for ammonia (NH,) are
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derived from the measured ammonium (NH,*). Dis-
solved inorganic nitrogen is calculated as the sum of
the concentrations of NH, + NO, + NO,.

Samples for phytoplankton identification and enumer-
ation (250 ml) were preserved on-site with formalde-
hyde (2%). Planktonic phytoplankton cell identification
and enumeration were done at the North-West Uni-
versity using the sedimentation technique according to
Swanepoel et al. (2008).

Flow data for the study area were obtained from the
IUCMA as a daily average flow rate in cubic metres per
second from the following gauge stations with their re-
spective Department of Water and Sanitation codes:
Sabie (X3H001), downstream of Site 1, Kruger Cate
(X3HO021), close to Skukuza town between sites 5 and
6, and Lower Sabie (X3HO015), between sites 7 and 8
(Figure 1).

Spatial analysis

Drainage basins were derived for each sampling point
based on the 30 m Shuttle Radar Topography Mission
(SRTM) digital terrain model (NASA JPL, 2013) as input
using the drainage tool as part of ESRI Spatial Analyst
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Figure 2. Flow data for the Sabie
River for 2016 and 2017 record-
ed at the different gauge stations
located in the study area.
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extension (ESRI, 2019). Land-use data were derived
using the 72 class 2014 Land Cover data (GEOTERRA
IMAGE, 2015) in combination with the 2016 protected
area data provided by the Department of Environment
Affairs (DEA 2016). The 72 class 2014 land cover data-
sets were reclassified into five broad land cover class-
es (water, natural vegetation, cultivation, plantations,
urban and mines). The natural vegetation class were
thereafter split into grazing and conservation land-
uses based on the DEA protected area layer. Using an
R script, the frequency distribution of land-use classes
was estimated for each drainage basin areas using the
Raster and SF packages. The percentage distribution of
each class was used as input to the Canonical Corre-
spondence Analysis (CCA).

Statistical analysis

The water quality dataset consisted of biological, chem-
ical and physical parameters. Results that were below
the reporting limit were assigned a value of half the
reporting value in order to be included in the statisti-
cal data sets. Missing data were treated as gaps, and
0 was used where the variable was measured as zero.
All statistical analyses were carried out using Statistica
v13, Dell Inc. (2016). Initially, the Kolmogorov-Smirn-
ov and Lilliefors tests for normality were conducted to
determine if the data were distributed parametrically.
The data did not meet the assumptions of normality in
the distribution of all variables and thus non-parametric
statistics were applied. Kruskal-Wallis analysis (compar-
ison of multiple groups) was used to compare multiple
independent groups, along with Spearman’s rank cor-
relation coefficient. Data that were below the limit of
detection were substituted with half the value of the
detection limit provided that it came to no more than
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50% of the data. If 100% of the data were below the
detection limit it was specified.

Canonical Correspondence Analysis (CCA) was per-
formed using Canoco v4.5 (Ter Braak & Smilauer 2002).
The CCA was used to determine if land-use/cover and
water quality had a statistically significant relationship
with phytoplankton assemblages of the Sabie River. It
was conducted for both 2016 and 2017. Log transfor-
mation of the datasets, that is, log(y+1) was applied. A
Monte Carlo permutation test (499 permutations) was
used to determine the statistical validity of the CCAs.

Results

Hydrological flow conditions

The hydrograph (Figure 2) shows that average daily
flows during 2016 were significantly (p <0.05) lower
than during 2017, especially at the lower Sabie gauge
(close to Site 7). Although high flows were experienced
during the rainfall season of both years at the Kruger
Gate gauge station, average flows were higher and more
consistent at all three gauge stations throughout 2017.

Land-use

Six main land-use types could be distinguished in the
eight identified sub-catchments of the river. The distri-
bution of land-use and land cover can be seen in Table
1 and Figure 3.

Sub-catchments 1 and 3 are dominantly used for plan-
tation forestry. Land-use of sub-catchments 4 and 5

| Open access
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Table 1. The percentage (%) land-use in each of the sub-catchments during 2016 and 2017

Area Forestry Agriculture Other Conservation
Site ha Plantations Cultivation Grazing Land Urban Water Conservation
1 1700 74.4 1.2 243 0 0 0.1
2 30432 71.6 0.2 23.6 1.7 0 2.9
3 35513 66.2 8.9 19.7 0.7 0.2 4.3
4 53767 31.1 13.5 42 11.2 0.5 1.7
5 87847 0.1 3.1 43 11.6 0.1 42.2
6 46220 0 0.4 11.8 2.4 0.1 85.3
7 43191 0 0 0 0 0.1 99.9
8 105845 0 0 0 0 0.1 99.9

is a combination of grazing land, plantation forestry,
cultivation and rural settlements classified as urban.
Sub-catchment 6 is predominantly natural vegetation
under conservation as well as a small percentage of
natural vegetation used as grazing land. The sub-catch-
ments associated with sampling sites 7 and 8 are locat-
ed within the KNP and therefore a natural landscape.

Plantation forestry is predominantly eucalyptus and
pine, whilst intensive, irrigated sub-tropical fruit and nut
orchards exist in the western cultivated area. Dryland
grain and winter irrigated vegetable production is typ-
ical of the eastern region adjacent to the conservation

areas. The grazing land is mostly used for subsistence
and communal livestock production.

Spatial and temporal changes
in nutrient and chlorophyll
concentrations

Figure 4 presents the average values + the standard
deviation of chlorophyll-a (chl-a) and that of the main
nutrient concentrations that can impact on phytoplank-
ton assemblages. The total phosphate concentrations
decreased at most of the sites during 2017, except at

Data Sources
Simplified Land Use and Land Use Distribution layers are a combination of data
from the 2013 National Land Cover (Geoterra Image, 2015 and Department of
Environmental Affairs, South Africa Protected Areas Database (DEA, 2016).
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Figure 3. Land-use distribution between natural grazing land, conservation, urban, plantations and cultivation for the sub-catchments
surrounding the eight sampling sites within the Sabie River Catchment (Geoterra Image 2015; DEA 2016).
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1-8 for 2016 and 2017. Chl-a: Chlorophyll-a.

sites 1, 3 and 5 where it increased. The concentrations
of silica increased during 2017, except at sites 1, 2 and
6. Silica concentrations appear to increase downstream
as well during 2017 (Figure 4b). All concentrations de-
termined for ammonia, during 2017, were below the

http://abcjournal.org

reporting limit. The average concentration of dissolved
inorganic nitrogen measured at all the sites during 2017
was <0.5 mg/l, which is indicative of oligotrophic condi-
tions (DWAF 1996). This is also supported by the range
of chlorophyll-a concentrations determined at all of the
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Table 2. List of phytoplankton classes and number of genera ob-
served for each class during 2016 and 2017

Phytoplankton class 2016 2017
Bacillariophyceae 20 20
Chlorophyceae 15 19
Cyanophyceae 13 12
Euglenophyceae 1 1
Dinophyceae 1 1
Chrysophyceae 1 1
Total genera 51 54

sites, which was consistently <10 ug/l. Sites 2 and 3
were the only sampling locations that showed a maxi-
mum concentration for inorganic nitrogen of >0.5 mg/l.
The average inorganic nitrogen concentrations, however,
increased during 2017 at most sites (except sites 2, 3 and
8), and this was mostly due to the increase in nitrite and
nitrate during 2017 (Figure 4d), except at Site 3 where
it decreased. Chlorophyll-a concentrations decreased at
sites 1-4, and sites 6 and 7, while sites 5 and 8 experi-
enced an increase in chl-a concentrations during 2017.

Phytoplankton biodiversity
and abundances

Table 2 lists the six phytoplankton classes that were
identified during both sampling years. The Bacillario-
phyceae were the most diverse group in 2016, with 20
genera followed by the Chlorophyceae with 15 genera.
Thirteen Cyanophyceae genera were identified as well
as one genus from each of the Euglenophyceae, Dino-
phyceae and Chrysophyceae, resulting in a total of 51
genera. During 2017 only the Cyanophyceae showed
a decrease in biodiversity. The phytoplankton diver-
sity was similar in 2017 with the identification of 20
genera from the Bacillariophyceae, 19 genera from the

Original research

Chlorophyceae, 12 genera from the Cyanophyceae,
and one genus each from the Euglenophyceae, Dino-
phyceae and Chrysophyceae, resulting in a total of 54
genera. Sites 7 and 8 exhibited the greatest diversity of
genera for all the classes.

From the headwaters (Site 1) phytoplankton diversi-
ty increased downstream in the Sabie River to Site 8
during both the drought period (2016) and the imme-
diate post-drought period (2017), while the total num-
ber of genera observed increased during 2017 (Table
2). Several genera were observed exclusively during
the drought period, while others were observed only
during the immediate post-drought period. These gen-
era are listed in Table 3.

However, the total cell concentration of phytoplankton
cells (cells/ml) in the catchment were higher in 2016
(2 090 cells/ml) than in 2017 (1 147 cells/ml). The most
abundant class observed in the Sabie River was the
Bacillariophyceae, and this was the dominant class in
2016 (Figure 5A) at all the sampling sites except Site 4,
where the Cyanophyceae was the most abundant class.
The most abundant class during 2017 (Figure 5B) was
again the Bacillariophyceae, followed by the Chloro-
phyceae except at sites 6, 7 and 8 where the Cyano-
phyceae was the second most abundant class.

Impact of land-use on
phytoplankton assemblages

The water quality of a water body can potentially be
a reflection of the impact of the land-uses within the
catchment as it receives precipitation and water flows
though the landscape. Each sampling site also has a
sub-catchment that can add to the influence of the an-
tecedent water quality from upstream, which will im-
pact phytoplankton biomass and composition.

To determine the impact of land-use on the phytoplank-
ton assemblages of the Sabie River a CCA was conduct-
ed for both 2016 and 2017 (Figure 6A,B). This shows

A 2016
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Figure 5. Percentage total abundance (cells/ml) of the different phytoplankton phyla at each of the sites observed during the four sam-

pling occasions in 2016 (A) and 2017 (B).
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Table 3. A summary of the genera of each phytoplankton class observed exclusively during the drought period (2016) and the immediate

post-drought period (2017)

Genera observed exclusively

Phytoplankton class 2016

2017

Cyanophyceae
Spirulina

Geitlerinema, Pseudanabaena, Snowella,

Cylindrospermopsis, Gloeocapsa, Radiocystis,
Synechocystis

Bacillariophyceae Hippodonta, Rhopalodia

Frustulia, Hantzschia, Pinnularia, Planothidium,
Urosolenia

Chlorophyceae

Closterium, Microspora, Mougeotia, Tetraedron

Cosmarium, Dictosphaerium, Kirchneriella,
Ulothrix

Euglenophyceae Phacus

Strombomonas

that land-use had a statistically strong relationship with
the phytoplankton assemblages in 2017 during imme-
diate post-drought conditions, a year characterised by
flash floods and high run-off in the study area (Figure 2).
The first axis of the CCA explains 68.6% of the variance
in the species-land-use relationship observed in 2016
(p=0.668) whereas this increased to 94.7% during
2017 (p=0.144). During 2017 forestry had the greatest
influence on the data compared to conservation land-
use type during 2016.

During both 2016 and 2017, the conservation and for-
estry land-use types could explain most of the variance
in phytoplankton abundance. During 2016 sites 1-3,
located in the forestry and agriculture land-use types,
closely associated with higher ammonia, nitrate—nitrite
and total phosphate concentrations together with the
Bacillariophyceae and Chlorophyceae, and higher chlo-
rophyll-a concentrations. Site 4 associated closely with
the land-use type agriculture, total phosphates and the
class Cyanophyceae, while the class Chrysophyceae as-
sociated closely with the land-use type ‘other’. The low
concentration of Dinophyceae and Euglenophycea, and
to a lesser extent the Chlorophyceae cells, associated
strongly with the conservation land-use type. During
2017 sites 1-3 were closely associated with higher nu-
trient concentrations. A strong association between the
Chrysophyceae and Site 3 was observed during 2017.
Site 4 still associated with the land-use type agriculture
and total phosphates, while Site 5 and the land-use type
‘other’ no longer associated with a particular phyto-
plankton class. Sites 7 and 8, in the conservation land-
use type, associated closely with the class Cyanophyceae
and Euglenophyceae, but no longer the Dinophyceae.
The location of the Bacillariophyceae and Chlorophyce-
ae so close to the origin of the axes of the ordination may
indicate their ubiquitous distribution at all of the sites.

Discussion

The health of human societies and the ecosystems
surrounding them is dependent on the quality and

http://abcjournal.org |

availability of freshwater. Unfortunately, human and
land-use activities have exploited this resource heavily,
and as a result, freshwater ecosystems are under threat
(Cabecinha et al. 2016). Besides the impact of anthro-
pogenic stressors, climate change has also been shown
to threaten freshwater biodiversity and aquatic ecosys-
tem health (Hayes et al. 2015; Abirhire et al. 2016;
Xizhi et al. 2017; Reid et al. 2019). Results presented
during this study have shown that both land-use and
hydrological flow, can influence nutrient concentra-
tions and abundance and dynamics of phytoplankton
assemblages in the Sabie River.

Land-use affects water quality in two ways, one by the
input of nutrients into the source water due to vari-
ous activities and two by changing the land surface and
therefore the surface run-off and input of nutrients and
other elements such as heavy metals (Hayes et al. 2015;
Xizhi et al. 2017). During 2017 river flow was per-
sistently higher than 2016 even during the dry seasons.
It has been reported that water quality has a stronger
relationship with land-use during high flow than during
low flow conditions (Shi et al. 2017), indicating that
land-use has a greater influence on water quality during
periods of high flow. This was also true during this study
as was illustrated by the CCA (Figure 6B). During this
study commercial agricultural areas and forestry land-
use types could be associated with higher inorganic ni-
trogen concentrations in the Sabie River both 2016 and
2017 (Figure 6A,B). This was also found in other studies
that showed during that high concentrations of nitrite—
nitrate, ammonia and total phosphates in stream water
could be linked to the use of fertilisers in agriculture
(Shi et al. 2017; Xizhi et al. 2017).

The positive association of urban areas and inorganic
nitrogen can be related to urban run-off and wastewa-
ter treatment plants (Namugize et al. 2018) such as that
situated close to the river at Site 2. The average total
phosphate concentration, however, decreased from
2016 to 2017 except at sites 1, 3 and 5, where it in-
creased, probably due to agricultural activities and the
use of fertilisers. Increases in both nitrite—nitrate and

| Open access
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Figure 6. Triplot of the canonical correspondence analysis to determine the relationship between the land-use/land cover (env. variables)
and phytoplankton classes (species) during (A) the dry period of 2016 and (B) for the immediate post-drought period of 2017. Water

quality parameters were used as supplemental variables (Suppl.).

silica concentrations were observed at most sites during
2017. This can probably be ascribed to nutrients leach-
ing from the soils during higher run-off. The overall
decrease in ammonia concentrations observed during
2017 was most probably due to the flushing of effluent
sources that caused the level of ammonia to increase
during low flow/drier conditions. Chlorophyll-a (bio-
mass) also decreased from 2016 to 2017 at most sites.
This decrease can be the result of dilution due to higher
flow, however other studies have also noted a decrease
in biomass after periods of high precipitation (Stockwell
et al. 2020). Chlorophyll-a concentration is a very clear
indicator of nutrient changes and a responsive indicator
of N and P concentrations and ratios (Gokge 2016).

Water quality measurements only provide us with a
snapshot of what the water quality is at the time of the
measurement. On the other hand, phytoplankton abun-
dance, dominance and community structure can more
accurately reflect the water quality and impacts there-
upon (Gokge 2016). In the present study the most abun-
dant group of algae in rivers was the Bacillariophyceae
(Wher et al. 2015). The genera observed from this group
are cosmopolitan and thrive in low flowing, alkaline wa-
ters of moderate salinity and low to moderate organic
pollution. These are all typical characteristics observed
in the Sabie River (Barnard et al. 2019). The group
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Bacillariophyceae or diatoms forms the base of the food
chain in most aquatic ecosystems, and they have the
ability to respond quickly to changing environmental
conditions. The higher flows also cause unfavourable
conditions for cyanobacterial growth, which prefer rela-
tively stagnant waters and are thus not prone to develop
to bloom conditions in relatively fast-flowing streams as
was the case at most of the sampling sites. During the
low flow conditions of 2016 Cyanophyceae dominance
and high cell concentrations were associated with Site 4
located in the land-use type agriculture and closely as-
sociated with higher concentrations of total phosphates.
A change in dominance from Cyanophyceae to Bacillar-
iophyceae at Site 4 was observed in 2017. Cyanophy-
ceae were then second-most dominant class at sites 6, 7
and 8 in 2017. The reason for this shift in dominance of
this class at Site 6 is not clear from the results. These sites
are, however, downstream from areas more impacted
on by agriculture and peri-urban settlements and nutri-
ents and organic waste could have been transported to
collect in the lower reaches of the river.

Bussi et al. (2016) found in their study that the class Cy-
anophyceae was the most sensitive to climatic variations
and these variations can impact directly on to the physi-
ological characteristics of phytoplankton (Winder & Som-
mer 2012). Shifts like this can have far-reaching effects
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on the ecosystem (Winder & Sommer 2012) as well as on
the land-use activities associated with these sites, namely
conservation. It was reported that wildlife mortality due
to cyanobacterial blooms is increasing in the KNP (Bengis
etal. 2016). The Chrysophyceae and Dinophyceae were
associated with land-use types that included urban set-
tlements during 2016. According to Katsiapi et al. (2012),
Chrysophyceae is closely associated with forested areas.
This was only the case in our study during the immediate
post-drought conditions of 2017. As was found by other
studies (Wher et al. 2015; Katsiapi et al. 2012), the Eu-
glenophyceae were more closely associated with urban
areas during 2016, but this changed during 2017 when
this class was closely associated with sites (7 and 8) in the
conservation land-use class.

Some genera were observed exclusively during the low
flow conditions while others were exclusively observed
during high flow conditions. A number of studies have
found that morphological, physiological, behavioural
and life-history traits of phytoplankton taxa strongly cor-
relate with the gradients of anthropogenic stressors not-
ed in both the catchment and the hydrological section of
ariver (Lange et al. 2015; Machado et al. 2016; Gokge
2016). Thus anthropogenic factors can possibly explain
the appearance of these genera. Genera that exclusively
occurred during 2016 included those that are mostly
filamentous (Ceitlerinema, Spirulina, Microspora and
Mougeotia). Other taxa encountered were more com-
mon in mesotrophic to eutrophic water (Pseudanabaena
and Snowella) and some typical of waters with elevated
levels of pollutants (Phacus and Closterium) and their
occurrence is thus indicative of the prevailing conditions
in the Sabie River (Reynolds & Descy 1996; Wher et al.
2015). Closterium species are even capable of surviving
extended periods of drying (Wher et al. 2015). Genera
that exclusively occurred during 2017 represented taxa
that were mostly single-celled and small (pico-plankton
such as Cloeocapsa and Synechocystis), more common
to oligotrophic and poor nutrient waters with lower pH
(Frustulia, Hantzschia and Pinnularia) with higher resil-
ience in greater disturbance and higher flow conditions
(Ulothrix, Urosolenia) and higher pollutant levels (Cos-
marium, Strombomonas) (Reynolds & Descy 1996; Tay-
lor et al. 2007; Wher et al. 2015).

During the high flow conditions of 2017, increases in
acidity and a decrease in M alkalinity were observed
in the Sabie River (Barnard et al. 2019) together with a
decrease in total phosphates and ammonia. This could
explain the exclusive appearance of certain diatom
genera during 2017. In their study Lange et al. (2015)
also found that higher nutrient concentration in waters
impacted on by agriculture hosted phytoplankton dom-
inated by large, non-attached, filamentous taxa after
several weeks of low-flow conditions. They found that
smaller cell size, nitrogen-fixing taxa with higher disper-
sal abilities were able to recover faster after disturbance
due to their higher growth rates and resilience (Lange
et al. 2015). Although filamentous, Cylindrospermopsis
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can fix nitrogen and was only found during 2017 when
nutrients were lower.

Conclusion

With this study, we had a rare opportunity to study the
influence of land-use on phytoplankton composition
during a drought and the immediate post-drought pe-
riod that followed. This study showed that changes in
phytoplankton communities can reflect the land-use
types in the catchment and that land-use impacts can
be enhanced during higher flow conditions. Land-use
and climate affected the nutrient concentrations in
the river water and phytoplankton diversity responded
rapidly to these changes. This environmental variabili-
ty influenced the distribution of phytoplankton genera.
Non-attached filamentous phytoplankton genera with
limited dispersal abilities were mostly found during low
flow rates with mesotrophic to eutrophic conditions,
while small and nitrogen-fixing genera that can with-
stand high dispersal were observed mostly during high
flow rate with oligotrophic conditions.

The results of this study are important if we want to
predict the impacts of climate change on aquatic eco-
systems. This study showed that an increase in phyto-
plankton concentration, especially that of the nuisance
Cyanophyceae, is likely to occur during periods of low
flows, and increased phosphate concentrations in agri-
cultural and urban areas, but during high flow condi-
tions, Cyanophyceae dominance can be displaced to
downstream areas in lower river reaches. It is in the
surrounding communities’ interest to conserve the
ecological functionality and the biological complexity
of this freshwater ecosystem to safeguard water quality
for domestic use and the health of domestic and wild
animals, thus ensuring the economic well-being of the
society depending on it.
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Site 1 2 3 4 5 6 7 8
Cyanophyceae
Anabaena Ana 0 0 0 0 0 0 0 1
Aphanothece Apha 0 1 1 1 0 0 1 1
Arthrospira Art 0 0 1 1 0 0 1 0
Chroococcus Chro 0 0 0 0 0 0 0 0
Geitlerinema Gei 0 1 0 0 1 0 1 0
Johannesbaptista Joh 0 1 0 0 0 0 0 0
Komvovoron Komv 1 0 1 0 0 1 1 0
Leptolyngbya Lep 0 0 0 0 0 1 0 0
Merismopedia Mer 0 0 0 1 1 1 1 0
Oscillatoria Osc 0 1 0 1 0 0 0 0
Phormidium Pho 0 0 0 1 1 0 1 1
Pseudanabaena Pse 0 0 0 0 0 0 1 1
Snowella Sno 0 0 0 0 0 0 0 1
Spirulina Spi 0 0 0 1 0 0 0 0
Total genera 1 4 3 6 3 3 7 5
Chlorophyceae
Actinastrum Act 0 0 0 0 0 0 1 0
Acutodesmus Acu 0 0 0 1 0 1 1 1
Ankistrodesmus Ank 0 0 0 0 0 0 0 0
Chlamydomonas Chlam 0 0 0 0 1 1 1 0
Chlorella Chlor 0 0 0 0 0 0 1 0
Chlorococcum Chloro 0 0 0 1 0 0 0 0
Closterium Clos 0 0 1 0 0 0 0 0
Coelastrum Coe 0 0 0 0 0 0 0 0
Crucigenia Cru 0 0 0 0 0 0 0 0
Crucigeniella Cruc 0 0 0 1 0 0 0 0
Desmodesmus Des 0 0 0 1 1 1 1 0
Elakatothrix Ela 0 0 0 0 0 0 0 0
Eudorina Eud 0 0 0 0 0 0 1 0
Microspora Micr 0 1 0 0 1 0 0 0
Monoraphidium Mon 1 1 1 0 0 0 0 0
Mougeotia Mou 0 0 0 0 0 0 0 0
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Supplementary Table 1: List of all the genera found during the first year of sampling (2016) at the different sampling sites (1-8) (continued)

Site 1 2 3 4 5 6 7 8

Chlorophyceae (continued)

Nephrocytium Nep 0 0 0 0 0 0 0 0
Oedogonium Oed 0 0 1 1 0 0 0 1
Oocystis Ooc 0 0 0 0 0 0 0 0
Pandorina Pan 0 0 0 0 0 0 1 0
Pediastrum Ped 0 0 0 0 0 0 1 0
Scenedesmus Sce 0 0 0 1 1 1 1 1
Schroederia Schr 1 1 1 0 0 0 1 0
Spirogyra Spiro 0 0 0 0 0 0 1 0
Staurastrum Stau 0 0 0 0 0 0 0 0
Stigeoclonium Stig 0 0 0 0 1 0 0 0
Tetraedron Tet 0 0 0 0 0 0 0 0
Tetrastrum Tetr 0 0 0 0 0 0 0 0
Treubaria Treu 0 1 1 0 0 0 0 0
Total genera 2 4 5 6 5 4 11 3
Bacillariophyceae

Achnanthes Ach 1 1 1 1 1 1 1 1
Achnanthidium Achn 1 1 1 1 1 1 1 1
Caloneis Cal 0 0 0 0 0 0 1 0
Capartogramma Cap 0 0 0 0 0 1 0 0
Cocconeis Coc 1 1 1 1 1 1 1 1
Craticula Cra 0 0 0 0 0 0 0 0
Cyclotella Cyc 0 0 1 0 1 0 1 1
Cymatopleura Cym 0 1 0 1 0 0 0 0
Cymbella Cymb 1 1 1 1 1 1 1 1
Diatoma Diat 0 1 1 0 0 0 0 0
Diploneis Dip 0 0 1 0 0 0 1 1
Encyonopsis Enc 0 1 1 1 0 1 1 0
Eunotia Eun 1 0 0 0 0 0 0 0
Fragilaria Fra 0 1 1 1 1 1 1 0
Geissleria Gei 0 0 0 0 0 1 1 1
Gomphonema Gom 0 1 1 1 1 1 1 1
Gyrosigma Gyr 0 1 1 1 1 1 1 1
Hippodonta Hipp 0 1 1 0 0 0 0 0
Melosira Mel 0 1 1 1 1 0 0 1
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Supplementary Table 1: List of all the genera found during the first year of sampling (2016) at the different sampling sites (1-8) (continued)

Site 1 2 3 4 5 6 7 8

Bacillariophyceae (contined)

Navicula Nav 0 1 1 1 1 1 1 1

Nitzschia Nit 0 1 1 1 1 1 1 1

Plagiotropis Plag 0 0 0 0 0 0 0 0
Rhoicosphenia Rho 0 1 1 0 0 0 0 0
Rhopalodia Rhop 0 0 0 0 0 0 0 0
Sellophora Sel 0 1 1 0 1 1 1 1

Surirella Sur 0 0 0 1 0 1 1 1

Synedra Syn 0 1 1 1 1 1 1 0
Total genera 5 17 18 14 13 15 17 14
Chrysophyceae

Dinobryon Din 0 0 0 0 0 0 0 0
Total genera 0 0 0 0 0 0 0 0
Dinophyceae

Peridinopsis Per 0 0 0 0 0 0 0 0
Peridinium Peri 0 0 0 0 0 0 0 0
Total genera 0 0 0 0 0 0 0 0
Euglenaphyceae

Euglena Eug 0 0 0 0 0 0 0 1

Phacus Phac 0 0 0 0 0 0 0 0
Tracelomonas Trac 0 0 0 0 0 1 1 0
Total genera 0 0 0 0 0 1 1 1

Total genera for site 8 25 26 26 21 23 36 23
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Supplementary Table 2. List of all the genera found during the second year of sampling (2017) at the different sampling sites (1-8)

Site 1 2 3 4 5 6 7 8
Cyanophyceae
Anabaena Ana 0 0 0 0 0 0 0 0
Aphanocapsa Aph 0 0 0 0 1 1 1 1
Aphanothece Apha 0 0 0 0 0 0 0 1
Arthrospira Art 0 0 0 0 1 0 0 1
Chroococcus Chro 0 0 0 0 0 1 0 0
Cylindrospermopsis Cyl 0 0 0 1 0 1 0 0
Gloeocapsa Glo 0 0 0 0 0 0 0 0
Johannesbaptista Joh 0 1 0 0 0 0 0 0
Komvovoron Komv 0 0 1 0 1 1 1 1
Leptolyngbya Lep 0 0 0 1 0 0 0 0
Merismopedia Mer 1 0 0 1 0 0 1 1
Oscillatoria Osc 0 0 0 1 0 0 0 0
Phormidium Pho 0 0 0 0 0 1 1 1
Radiocystis Rad 0 0 0 0 0 0 0 0
Synechocystis Synec 0 0 0 0 0 1 0 0
Total genera 1 1 1 4 3 6 4 6
Chlorophyceae
Actinastrum Act 0 0 0 0 1 0 0 0
Acutodesmus Acu 0 0 0 1 0 0 1 0
Ankistrodesmus Ank 0 0 0 0 0 0 0 0
Chlamydomonas Chlam 0 0 0 1 1 1 1 1
Chlorella Chlor 0 0 0 1 1 0 1 1
Chlorococcum Chloro 0 0 0 0 0 0 0 0
Coelastrum Coe 0 0 0 0 0 0 0 0
Cosmarium Cos 0 0 0 0 0 0 0 0
Crucigenia Cru 0 0 0 0 0 1 0 0
Crucigeniella Cruc 0 0 0 1 1 1 0 0
Desmodesmus Des 0 0 0 1 0 1 1 1
Dictosphaerium Dict 0 0 1 1 0 1 1 0
Elakatothrix Ela 0 0 0 0 0 0 0 0
Eudorina Eud 0 0 0 0 0 0 1 0
Kirchneriella Kir 0 0 0 0 0 0 0 0
Monoraphidium Mon 0 1 1 1 0 1 1 0
Nephrocytium Neph 0 0 0 0 0 0 0 0
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Supplementary Table 2. List of all the genera found during the second year of sampling (2017) at the different sampling sites (1-8)
(continued)

Site 1 2 3 4 5 6 7 8
Chlorophyceae (continued)
Oedogonium Oed 0 1 0 1 0 0 1 0
Oocystis Ooc 0 1 1 0 1 0 0 0
Pandorina Pan 1 0 0 1 1 1 1 1
Pediastrum Ped 0 0 0 1 0 0 1 0
Scenedesmus Sce 0 0 1 1 1 1 1 1
Schroederia Schr 1 1 1 1 0 0 0 0
Spirogyra Spiro 0 0 0 0 0 0 0 0
Staurastrum Stau 0 0 0 0 0 0 0 0
Stigeoclonium Stig 1 0 0 0 0 0 0 0
Tetrastrum Tetr 0 0 0 0 0 1 1 0
Treubaria Treu 0 1 1 1 0 0 0 0
Ulothrix Ulo 0 0 1 0 0 0 0 0
Total genera 4 5 7 13 7 9 12 5
Bacillariophyceae
Achnanthes Ach 1 1 1 1 1 1 1 1
Achnanthidium Achn 1 1 1 1 1 1 1 1
Caloneis Cal 0 0 0 0 0 0 0 0
Capartogramma Cap 0 0 1 0 0 0 0 1
Cocconeis Coc 1 1 1 1 1 1 1 1
Cyclotella Cyc 0 0 0 1 1 1 1 0
Cymatopleura Cym 0 0 0 1 0 0 0 0
Cymbella Cymb 0 1 1 1 1 1 1 1
Diatoma Diat 0 0 0 0 0 0 1 0
Diploneis Dip 0 0 0 0 0 0 1 0
Encyonopsis Enc 0 1 1 1 1 1 1 1
Eunotia Eun 1 0 0 0 0 0 0 0
Fragilaria Fra 0 1 1 1 1 1 1 0
Frustulia Fru 1 0 0 0 0 0 0 0
Geissleria Gei 0 0 0 0 0 0 0 0
Gomphonema Gom 1 1 1 1 1 1 1 1
Gyrosigma Gyr 0 0 1 1 1 1 1 1
Hantzschia Han 0 0 0 0 0 0 1 0
Melosira Mel 1 1 1 1 1 1 1 0
Navicula Nav 1 1 1 1 1 1 1 1
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Supplementary Table 2. List of all the genera found during the second year of sampling (2017) at the different sampling sites (1-8)
(continued)

Site 1 2 3 4 5 6 7 8

Bacillariophyceae (continued)

Nitzschia Nit 0 1 1 1 1 1 1 1

Pinnularia Pin 0 0 1 0 1 0 1 0
Plagiotropis Plag 0 0 0 0 0 0 1 1

Planothidium Plan 1 0 0 0 0 0 0 0
Rhoicosphenia Rho 0 1 1 0 0 0 0 0
Sellophora Sel 0 0 0 0 1 1 0 0
Surirella Sur 0 0 0 0 1 1 1 1

Synedra Syn 0 1 1 1 1 1 1 1

Urosolenia Uro 0 0 0 0 0 0 0 0
Total genera 9 12 15 14 16 15 19 13
Chrysophyceae

Dinobryon Din 0 0 0 0 0 0 0 0
Total genera 0 0 0 0 0 0 0 0
Dinophyceae

Peridinopsis Per 0 0 0 0 0 0 0 0
Peridinium Peri 0 0 0 0 0 0 0 0
Total genera 0 0 0 0 0 0 0 0
Euglenophyceae

Euglena Eug 0 0 0 0 0 0 0 0
Strombomonas Stro 0 0 0 0 0 0 0 0
Tracelomonas Trac 0 0 0 1 0 1 0 1

Total genera 0 0 0 1 0 1 0 1

Total genera for site 14 18 23 32 26 31 35 25
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