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ABSTRACT 

A major flooding event that occurred during October–November 2012 caused major changes in the Kowie River 
hydromorphology and aquatic communities. The aim of our study was to identify the environmental variables that structure 
riverine benthic diatom communities at upstream and downstream locations 25 km apart on the Kowie River, South Africa.  
This was undertaken using tiles as artificial substrates so that we could study how the communities developed after the flood 
disturbance. The diatom community structure was assessed over a 28-day period following a flood event in October 2012. The 
Mann Whitney test indicated that there was a statistically significant difference (p < 0.05) in total dissolved solids, salinity, pH 
and oxygen reduction potential between the two sites. In total, 58 diatom species belonging to 30 genera were identified over 
the 28-day study. Achnanthidium minutissimum, Fragilaria biceps, F. ulna var. acus, Pinnularia borealis and P. acrosphaeria 
were the most numerically dominant on Day 7 and were considered as early colonisers, while on Day 28, Achnathidium 
minutissimum, F. capucina, Craticula buderi, C. vixnegligenda, Diploneis subovalis and Gomphonema venusta, the late 
colonisers, were dominant. The species richness increased from 13 (upstream location) on Day 7 to 22 (both locations) by Day 
21. A redundancy analysis showed that total suspended solids, salinity, resistivity, pH and oxygen reduction potential 
were the most significant physico-chemical variables explaining diatom composition. The results from this relatively small-
scale tile experiment indicate the complexity of freshwater benthic diatom community structure and development.
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INTRODUCTION

Numerous studies have been conducted on the seasonal 
dynamics of diatom communities in lotic and lentic ecosystems 
(Ruth, 1977; Gamier et al., 1995; Ha et al., 1998; Lane 2003; 
Claquin et al., 2006; Wojtal and Sobczyk, 2012), with diatom 
community structure periodicity being largely described more 
in lentic than lotic systems (Gamier et al., 1995; Claquin et al., 
2006). Stream diatom communities are composed primarily of 
benthic and epiphytic species, whilst planktonic genera are less 
prevalent owing to their displacement by water currents which 
disrupt their population growth and development (Ruth, 1977; 
Claquin et al., 2006). Although benthic diatoms are dominant 
contributors to primary production in rivers and streams 
(Claquin et al., 2006) and are an important food source for 
many invertebrates (Lane, 2003), we know surprisingly little 
about their community structure and dynamics. Moreover, 
diatoms are important biological indicators of environmental 
change as diatoms are sensitive and respond to shifts in phys-
ico-chemical parameters in lotic and lentic ecosystems (Bere et 
al., 2013). As such, diatom community analysis can represent a 
tool with which to explore and interpret many ecological and 
environmental changes (Reynolds, 1984; Ács and Kiss, 1993). 

An important aspect of community ecology is the identi-
fication of patterns in community structure relative to envi-
ronmental gradients (Soininen et al., 2004). Characteristics of 

rivers, including unidirectional flow and continuous physical 
changes, make riverine ecology a unique avenue of study (Giller 
and Malmqvist, 1998; Soininen et al., 2004). For example, 
variation in river discharge as a result of freshwater input 
has a significant influence on primary production by benthic 
diatoms as shifts in flow affect diatom community composi-
tion (Stevenson, 1990). An increase in water flow (current) can 
positively affect the benthic algal community by increasing 
turbulent flux and thus the transport of nutrients to individual 
algal cells, thereby stimulating their metabolism (Miller et al., 
1987; Ács and Kiss, 1993; Wehr and Sheath, 2003; Song 2007). 
Conversely, increased current velocity can also negatively affect 
benthic algal communities by decreasing immigration rates to 
the substrata and increasing the drag forces on attached algae 
which reduces the rate of colonisation of benthic diatoms and 
increases the sloughing of algal cells (Song, 2007). Flood effects 
on benthic diatoms increase with flood intensity, with effects 
ranging from scouring nearly all algae from substrates to hav-
ing little effect on standing crops (Stevenson, 1990; Steinman 
and Mclntire, 1990).

River systems, from headwaters to estuaries, represent 
a continuum of interdependent habitats, so understanding 
diatom community structure at any place in a river requires 
an understanding of upstream properties (Gamier et al., 1995). 
As such, we have incorporated into our study design a spatial 
aspect which allows upstream and downstream comparisons of 
diatom community structure. Colonisation and development 
of diatoms has traditionally been studied by collecting benthic 
diatoms from a substratum over time (Lane, 2003). Artificial 
substrata have been used in diatom studies for many years. 
The advantages of using artificial substrates include decreased 
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habitat disruption and substantially improved sampling preci-
sion (Lane, 2003; Wojtal and Sobczyk, 2012). The use of arti-
ficial substrata also reduces the effects of small-scale habitat 
variations that inevitably exist in relation to natural substrata 
and ensures that diatom samples obtained are relatively stable 
(Lane et al., 2003; Wojtal and Sobczyk, 2012).

Diatoms have been studied extensively for many decades 
in South African river systems (Giffen, 1963; 1970; 1971; 1973; 
Schoeman and Archibald, 1976; Schoeman, 1982), and efforts 
have been made to relate diatom associations to water quality 
(Bate et al., 2002; 2004; Taylor et al., 2005a, b, c; Harding et 
al., 2005; Taylor et al., 2007). Few studies have been done on 
diatom colonisation and development patterns in South Africa. 
Therefore, our aim was to identify the environmental factors 
that affect benthic diatom community structure and develop-
ment at 2 locations within a temperate South African river. We 
approached our aims by documenting the diatom communities 
on artificial substrata for 28 days following a major flooding 
event that occurred during October–November 2012, in order 
to study how the communities develop after a disturbance such 
as a flood. 

MATERIALS AND METHODS

STUDY AREA 

The Kowie River is found in the Eastern Cape Province of 
South Africa and drains a relatively small catchment area of 
approximately 800 km2 (Whitfield et al., 1994). The hills of 
Grahamstown Heights are the source of the river, from where 
it flows in a south-east direction, draining the major part of the 
Bathurst region (Fig. 1). Its major tributaries are the Bloukrans, 
Brakrivier and Lushington (or Torrens) Rivers. The total 
length of the Kowie River is approximately 70 km. The river 
has a meandering course which has cut deeply into Bokkeveld 
shales which make up most of its catchment. Pineapple, citrus, 
chicory, fodder crops, beef cattle and goat farms occupy regions 
adjacent to upstream sections of the river. The river and its 
catchment fall within a temperate climate zone with rainfall 
occurring mainly during spring and autumn. Mean annual 

rainfall is ≈ 650 mm, which is distributed evenly over the entire 
catchment (Heydorn and Grindley, 1982). Rain events in the 
catchment do not always result in increased river flow due to 
the presence of several impoundments along the length of the 
river system (Heydorn and Grindley, 1982; Bok, 1983; Whitfield 
et al., 1994). 

The mean monthly rainfall values for the Kowie River in 
September, October and November 2012 were 38.2 mm, 432.1 
mm and 80.5 mm, while discharge rates (and volumes) were 
estimated at 0.2 m3 s-1 (7.5 x 105 m3), 1.1 m3∙s-1 (2.4 x 108 m3) and 
0.5 m3∙s-1 (5.8 x 106 m3) (DWA, 2013). The mean yearly rainfall 
amounts (and discharge rates) for 2009–2012 were 537.0 mm 
(0.07 m3∙s-1), 638.0 mm (0.09 m3∙s-1), 1 029.4 mm (3.6 m3∙s-1) and 
989.7 mm (8.4 m3∙s-1) (DWA, 2013; Fig. 2).

Benthic diatom sampling was conducted every 7 days from 
16 November to 13 December 2012. The two study sites, 25 km 
apart, were located upstream (33°20’59.2”S 026°33’37.6”E) and 
downstream (33°30’16.0”S 026°44’40.9”E) within the freshwater 
section of the Kowie River.  The sites were chosen based on the 
river continuum concept (Vannote et al., 1980), which assumes 
that upstream areas are narrow and shaded and so allochtho-
nous inputs are dominant. As a river widens downstream, 
energy inputs change as the sunlight reaches the benthos 
and supports increased autochthonous algal production. The 
upstream site had a mean water depth of 0.35±0.1 m, a channel 
width of 1.8±0.3 m and 75% terrestrial cover from the ripar-
ian zone, while the downstream site had  a mean water depth 
of 0.7±0.2 m, a channel width of 7.5±0.2 m and 20% terrestrial 
cover.

Physico-chemical parameters

Physico-chemical data (temperature, pH, dissolved oxygen, 
conductivity, total suspended solids (TDS), oxygen reduction 
potential (ORP), sodium chloride, resistivity and water trans-
parency) of the sites were measured using a portable probe 
(CyberScan Series 600, Eutech Instruments, Singapore). Flow 
velocity was measured using a Flo-mate portable flowmeter 

Model 2000 (Marsh McBirney, Maryland). Water samples were 
collected according to Brendnock et al. (2003) and Wu et al. 

 
 

Figure 1
Position of artificial 
substrate stations 
in the Kowie River 

(Nov–Dec 2012)
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(2011).  At each site (Fig. 1), 3 water samples, one on either side 
of the river (littoral zones) and one at the centre, were col-
lected using an 8 ℓ bucket. All three water samples were pooled 
together in a 30-ℓ bucket and stirred, after which a 500 mℓ  
sub-sample was taken as representative of the study site. The 
500 mℓ sample was later processed to determine phosphate, 
nitrate and ammonia concentrations. Ammonia was analysed 
using a Nessler method, nitrate–cadmium reduction method 
and phosphate–amino acid method, using the HI 83203 
multiparameter bench photometer for aquaculture (Hanna 
Instruments Inc., Rhode Island). 

Diatom sampling

The artificial substrata used in this study were tiles (approxi-
mately 22 ×10 ×0.7 cm thickness). At each study site, 18 tiles 
were placed vertically in 6 tile structures (30 × 18 cm) punc-
tured with regular holes to allow the free flow of water around 
the tiles (Fig. 3), as per Peterson (1983), Lane et al. (2003) and 
Bere and Tundisi (2011). Each structure was anchored in the 
stream using a rope tied to the nearest tree in the riparian zone. 
When orientated vertically, the smooth surface of the tiles pro-
vided a substratum closely resembling the naturally occurring 
epilithon (Lane et al., 2003), while the rough side represented 
the rough material (rocks) washed into the river channel. Thus, 
it was our assumption that the tiles represented the different 
cleared habitats available for diatom colonisation following 
flooding events. 

At each sampling event, 4 tiles were randomly selected from 
the 3 tile structures which were haphazardly placed within the 
river channel at each site. The tiles were carefully removed from 
the tile structures in the stream and the diatoms were then 
removed by brushing them with a toothbrush into a container 
with distilled water to form one integrated sample for that par-
ticular site. This procedure reduced the effects of hetero geneity 
between tiles that may result from contamination, microhabitat 
conditions that vary with position in the tray, or natural varia-
tion (Lane et al., 2003; Taylor et al., 2005c). The diatom material 
was then preserved in 70% ethanol until analysis. 

Diatom preparation and analysis

Diatoms were prepared by oxidising organic material in sam-
ples with hydrochloric acid and potassium permanganate 
(Taylor et al., 2005). Clean diatom frustules were mounted in 
a synthetic resin with high refraction index (1.73) and counted 
and identified to the lowest taxonomic level possible (usually 
species) using a phase-contrast Olympus CX light microscope 
with 1 000 x magnification. Keys by Giffen (1970) and Taylor 
et al. (2007) were used for diatom identification. Data were 
presented as species percentage abundances relative to the total 
abundance for each sampling occasion. 

Data analysis

Diversity index

The Shannon–Weiner (H) diversity index (Shannon and 
Weiner, 1949) was used to assess the diatom community 

 
 

 
 

Figure 3
 Artificial tile structures used for 
benthic diatom experiments in 

the Kowie River

Figure 2
Mean (a) rainfall and (b) discharge trends measured by the Department 
of Water Affairs (South Africa) at Station P4H001 (Kowie River, Bathurst). 

One cumec = 1 m3∙s-1.
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diversity at the two study sites throughout the study period;

where:
H is the Shannon–Wiener index
 pi is the proportional abundance of species i through n

Redundancy analysis

Redundancy analysis (RDA) is a constrained linear ordina-
tion method based on significant (p < 0.05) forward selected 
environmental variables using 999 Monte Carlo permutations 
(Ter Braak, 2002). Only those diatom species that contributed 
>1% to the relative abundance (28 taxa in total) were included 
in the RDA, to eliminate the effects of rare species. All chemical 
and diatom raw abundance data were log-transformed before 
RDA analysis. RDA was performed to examine the relation-
ships between diatom species composition and the selected 
environmental variables measured during the study. Detrended 
canonical correspondence analysis (DCCA) was employed 
to determine whether linear or unimodal analysis methods 
should be used (Leps and Šmilauer, 2003). The gradient lengths 
from the DCCA output were examined, and, since the longest 
gradient was between 3 and 4, a linear RDA model was selected 
(Leps and Šmilauer, 2003). All ordinations were performed 
using CANOCO version 4.5 (Ter Braak and Šmilauer, 2002). 

RESULTS

Flood event

Heavy rainfall produced a strong flooding of freshwater (2.7 x 
108 m3) along the Kowie River for 12 days. The total rainfall for 

this period (17–28 October) was 418 mm. The discharge rate 
increased from 0.70 m3∙s-1 on 16 October to a peak of 699.14 m3∙s-1 

on 21 October, while the river volume increased from 6.0 x 104 
m3 on Oct 16 to a peak of 6.0 x 107 m3 on 21 October). Discharge 
rates and volume remained elevated until 21 November, with 
values of 1.06 m3∙s-1 and 9.16 x 104 m3, respectively. 

Physico-chemical parameters

Dissolved oxygen concentrations at the two sites ranged between 
5.33 and 6.54 mg ℓ-1 during the study period. Conductivity 
downstream increased from 2.53 to 3.75 mS∙cm-1, while it was 
relatively constant upstream (range 0.26–0.41 mS∙cm-1) over the 
study period. The pH values ranged between 7.21 and 8.62 at  
the downstream site, and 5.5 and 7.51 at the upstream site  
(Table 1). Mean concentrations of phosphates ranged from 0.8 
to 19.6 mg∙ℓ-1 downstream and 0.2 to 2.8 mg∙ℓ-1 upstream, while 
ammonia values were between 0.0 and 1.4 mg ℓ-1 downstream 
and 0.1 and 1 mg∙ℓ-1 upstream. Nitrates were generally high 
(0–8.8 mg∙ℓ-1 – downstream and 14.9–17.6 mg∙ℓ-1 – upstream) 
during the last 14 days of the study at the two sites (Table 1). 
Some environmental variables were not spatially distinct (Mann 
Whitney U tests, p > 0.05), but TDS, salinity, resistivity, pH and 
ORP did show significant differences between the sites (p < 0.05).

Diatom communities and succession

Fifty-eight (58) diatom species belonging to 30 genera were iden-
tified over the period of study (Table 2). The species richness at 
both sites increased from minima on 13 November (downstream 
– 17 and upstream – 13) to maxima on 6 December (22 species at 
both sites). Achnanthidium, Pinnu laria, Achnanthes, Brachysira 
and Fragilaria genera were the most numerically dominant 
on 23 November downstream, while upstream the diatom 

TABLE 1
 Physico-chemical variables at the study sites sampled in November and December 2012.  D –downstream site; U – 

upstream site, ORP – oxygen reduction potential 
Parameter 16-Nov 23-Nov 29-Nov 06-Dec 13-Dec

D U D U D U D U D U

Dissolved oxygen (mg∙ℓ-1) 5.33 5.89 6.39 6.54 6.20 5.99 7.02 6.25 5.61 6.03
Conductivity (mS∙cm-1) 2.53 0.41 2.94 0.36 3.18 0.42 3.45 0.39 3.75 0.26
Total dissolved solids (mg·ℓ -1) 1.70 0.27 1.97 0.24 2.13 1.16 2.31 0.25 2.52 0.26
Salinity (μS·cm-1) 1.24 0.2 1.45 0.18 1.56 1.63 1.69 0.18 1.87 0.19
Resistivity (Ω) 215.20 1339 186.30 1482 224.30 170.90 157.60 1450 145.50 1409
pH 8.60 6.50 8.30 6.40 8.90 7.50 7.20 5.60 7.60 5.50
Temperature (°C) 23.50 20.80 22.90 19.90 22.40 23.20 21.20 20.90 22.70 18.10
ORP (mV) −93.30 −8.90 −78.90 34.00 −108.70 −33.00 −10.90 81.20 −36.10 88.00
Water flow (ms-1) 1.71 0.86 0.84 0.29 0.58 0.74 0.68 0.47 0.55 0.28
Ammonia (mg∙ℓ-1)
NH3-N 0.05 0.16 0.00 0.19 0.30 0.09 1.23 0.75 0.00 0.11
NH3 0.06 0.20 0.00 0.23 0.36 0.11 1.47 0.91 0.00 0.13
NH4

+ 0.06 0.21 0.00 0.25 0.39 0.12 1.51 0.97 0.00 0.14
Phosphates (mg∙ℓ-1)
PO3

-4 1.20 0.70 1.60 0.20 28.40 1.50 6.30 4.10 1.30 2.50
P 0.40 0.20 0.50 0.10 9.30 0.50 2.90 1.30 0.40 0.80
P2O5 0.90 0.50 1.20 0.20 21.20 1.10 4.80 3.00 0.90 1.80
Nitrates (mg∙ℓ-1)
NO3

--N 0.50 0.00 1.80 0.00 0.00 3.40 0.10 4.00 2.00 3.40
NO3

- 2.30 0.00 8.00 0.00 0.00 15.10 0.00 17.60 8.80 14.90
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TABLE 2
Percentage species abundance of diatoms growing on tile substrates at the study sites

Species name Downstream Upstream 

23-
Nov

29-
Nov

06-
Dec

13- 
Dec

23-
Nov

29-
Nov

06-
Dec

13- 
Dec

Achnanthes oblongella Østrup 0.8
Achnanthes standeri Cholnoky 5.0 2.9 1.7 4.1
Achnanthes subaffinis Cholnoky 1.7 1.4
Achnanthidium minutissimum (Kützing) Czarnecki 15.8 5.7 11.2
Achnanthes coarctata (Brébisson ex W. Smith) Grunow 4.0
Amphora pediculus (Kützing) Grunow 3.8
Asterionella formosa Hassal 2.3
Brachysira neoexilis (Grunow) DG Mann 5.4 16.1 4.3 2.7
Caloneis schumanniana (Grunow) Cleve 0.4
Cocconeis placentula Ehrenberg 8.0
Craticula buderi (Hustedt) 1.1 2.1 2.9 10.9
Craticula cuspidata (Kützing) DG Mann 0.8 3.2
Craticula vixnegligenda Lange-Bertalot 7.5 14.3 3.9 14.7 16.0 14.0 9.4
Cyclotella meneghiniana Kützing 1.4 1.5 0.9
Cymbella kappii (Cholnoky) Cholnoky 2.0
Diatoma vulgaris Bory 0.5 3.4 0.9
Diploneis subovalis Cleve 10.0 23.7 18.8
Encyonema caespitosum Kützing 1.8
Encyonopsis microcephala (Grunow) Krammer 2.1
Epithemia adnata (Kützing) Brébisson 0.6
Eunotia formica Ehrenberg 5.9 1.7 5.5
Eunotia incisa Gregory 1.1
Eunotia lunaris (Ehrenberg) Grunow 2.2
Eunotia minor (Kützing) Grunow 0.9
Fragilaria biceps (Kützing) Lange-Bertalot 1.4 41.4 15.5 16.6 1.8
Fragilaria capucina Desmazières 6.1 5.4 14.5
Fragilaria capucina var. rumpens (Kützing) Lange-Bertalot 8.8 3.3 7.9 6.2 5.8
Fragilaria capucina var. vaucheriae (Kützing) Lange-Bertalot 3.8 4.6 6.6 9.1
Fragilaria tenera (WM Smith) Lange-Bertalot 5.8 3.3 0.6 3.9
Fragilaria ulna var. acus (Kützing) Lange-Bertalot 1.3 16.7 5.5 19.5 1.5
Gomphonema acuminatum Ehrenberg 2.1 0.8 2.4 1.9 1.8 1.2
Gomphonema angustatum (Kützing) Rabenhorst 3.4 6.1 3.3
Gomphonema laticollum Reichart 5.3
Gomphonema parvulius Lange-Bertalot & Reichardt 2.9
Gomphonema pseudoaugur Krammer 7.6 3.4
Gomphonema truncatum Ehrenberg 6.7 4.9 4.4
Gomphonema venusta Passy, Kociolek & Lowe 3.8 7.6 3.9 10.0
Gyrosigma acuminatum (Kützing) Robenhorst 0.3
Hantzschia amphioxys (Ehrenberg) Grunow 2.5 0.4 9.7
Melosira varians Agardh 2.3 0.6 1.7
Navicula cryptolenelloides 1.7 4.0
Navicula cryptotenella Lange-Bertalot 2.2 2.1
Navicula radiosa Kützing 2.7
Navicula rhynchocephala Kützing 4.6 1.9 5.6 0.6 1.2 1.5 2.1
Nitzschia bacillum Hustedt 0.6
Pinnularia acrosphaeria W Smith 14.2 10.5
Pinnularia borealis Ehrenberg sensu lato 15.8 11.4 7.9 9.7
Pinnularia divergens var. undulata (Peragallo & Heribaud) 6.6 2.8 2.4
Pinnularia gibba (Ehrenberg) Grunow 1.1
Pinnularia viridiformis Krammer 4.0 5.2 3.9
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community was numerically dominated by Fragilaria, Cocconeis, 
Staurosira and Tabularia. These genera could be considered 
as the early colonisers. On 13 December Craticula, Diploneis, 
Gomphonema and Eunotia genera dominated downstream, while 
at the upstream site on 13 December Achnathidium, Craticula, 
Hantzschia and Eunotia were dominant; these genera represent 
the intermediate to late colonisers (Table 2). No major differences 
in Shannon–Wiener (H) diversity index occurred downstream 
throughout the study period, as the values ranged from 2.52–
2.66, while upstream the H index values gradually increased 
from 23 November (1.92) to Dec 13 (2.67).  

The first two axes of the RDA, with eigenvalues of 0.45 in 
Axis 1 and 0.17 in Axis 2, accounted for 73.4% of the species–
environment relationship while also accounting for 62.1% of 
the variance in the species data (Fig. 4). Diatom species com-
position differed over time in both locations (Fig. 4). Upstream 
there was a large difference in diatom communities between 
23 November and the other three sampling times. In contrast, 
there were fewer changes in the diatom community through 
time at the downstream location. There were clear distinctions 
in the environmental factors associated with diatom commu-
nity structure at the two locations (Table 1). The RDA analysis 
identified 7 physico-chemical factors that were significant  
(p < 0.05) in affecting diatom community variation, these being 
nitrates, phosphates (P), TDS, salinity, pH, resistivity and water 
flow (Fig. 4). 

DISCUSSION

Physico-chemical factors

Discharge rate and volume continued to be high up until 21 
November, while rainfall decreased. Along the Kowie River, 
the upstream location had significantly decreased conductiv-
ity, TDS, pH, water flow, salinity, temperature, phosphates and 
DO due to the pristine nature of the site and minimal human 
influences compared to the downstream location, which was 
influenced by agricultural activities (crop and cattle farming) 
and wastewater discharge. In contrast, ammonia and nitrates 
were high upstream relative to downstream. This suggests the 
influence of natural, mature forests which conserve nitrogen 
and release it through processes of decomposition and leaching 
(Hallberg and Keeney, 1993). 

Downstream of the headwaters, the Kowie River’s riparian 

zone cover begins to decrease as the river passes through sev-
eral game reserves, cultivated farms and ranches. One of the 
main tributaries of the Kowie River, the Bloukrans River, joins 
the main channel and contributes to the high phosphate loads 
observed downstream (Whitfield et al., 1994). Riparian buffer 
strips or zones are observed along the whole river channel, but 
these are interspersed with game reserves, pineapple plantations 
and cattle ranching.

Diatom community structure in relation to environmental 
variables

The benthic diatom community structure on tiles at both sites 
was structured by environmental variables, with grouping 

TABLE 2 (continued)
Percentage species abundance of diatoms growing on tile substrates at the study sites

Planothidium frequentissimum (Lange-Bertalot) Round & 
Bukhityarova 5.2

Pseudostaurosira brexistriata (Grunow in Van Heurk) Williams 
& Round 0.6

Reimeria uniseriata Sala, Guerrero & Ferrario 2.8
Staurosira elliptica (Schumann) Williams & Round 9.3 7.9 6.4 2.8 1.9 1.2
Stenopterobia delicatissima (Lewis) Brebisson 0.8
Surirella brebissonii Krammer & Lange-Bertalot 1.3 10.4 1.2 1.7 1.2
Tabularia fasciculata (Agardh) Williams & Round 1.0 0.8 0.6 8.1 3.3 3.7
Tryblionella apiculata Gregory 0.6
Species richness 17 19 22 21 13 18 22 20
Shannon–Wiener 2.52 2.66 2.63 2.57 1.92 2.57 2.62 2.67
Evenness 0.73 0.75 0.63 0.62 0.53 0.73 0.62 0.72

 

 
  Figure 4

RDA ordination showing the relationship between diatom community 
composition and the significant environmental variable. Letters in 

sample labels represent sites (U, upstream; D, downstream). Numbers in 
labels represent sampling dates (23 Nov, 29 Nov, 6 Dec and 13 Dec). 
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of sites generally reflecting a change in diatom community 
composition between sampling periods. Different diatom spe-
cies and communities responded to changes in TDS, salinity, 
resistivity, pH, P and water flow because of their differences in 
tolerances and adaptations; hence the distinct diatom commu-
nity composition at different sampling sites. 

The upstream location had almost similar diatom com-
munities for Days 14 and 21, but the communities were very 
different on Day 7 and Day 28. At the downstream site, the 
diatom communities were significantly different from week to 
week, which can be a result of natural succession. Water flow 
likely excluded some algal taxa in our study of Kowie diatom 
communities, especially the large-celled long filamentous algae 
such as Fragilaria spp. that tend to prefer slow currents with 
fine sediments as their substrata (Claquin et al., 2006). Current 
flow indirectly modulates benthic algal community structure 
by interacting with both the biotic and abiotic factors in dif-
ferent habitats, such as substratum type, size and stability, or 
by altering the diatom species composition, community and 
distribution via the control of invertebrate grazers and fish 
through feeding or physical disturbances (Song, 2007). 

Benthic diatom communities are considered to be regulated 
by local physico-chemical factors rather than by broad-scale 
climatic factors (Pan et al., 1996), but Mann and Droop (1996) 
argued that a considerable number of diatoms are endemic 
and/or show a regionally restricted distribution. Our study 
results support the view of Mann and Droop (1996) that diatom 
communities are strongly affected by physico-chemical factors, 
with different diatom communities being recorded at different 
locations or study sites within the Kowie River. Most taxa in 
this study were truly cosmopolitan but a number of the species 
exhibited limited distributions, with TDS, salinity, resistivity, 
pH, P and water flow playing an important role in the diatom 
distribution patterns. 

Water flow was one important variable structuring diatom 
communities in the study (Fig. 4). Low water flow (upstream) 
was associated with the diatom species generally consid-
ered as ‘cool adapted’ (Ruth, 1977; Bere et al., 2013), includ-
ing Craticula buderi, Gomphonema angustatum, Navicula 
cryptotenelloides, N. cryptotenella and Pinnularia divergens 
var. undulata. The downstream site, which had high water 
flow, was associated with Achnanthes subaffinis, A. standeri, 
Achnanthidium minutissimum, Cyclotella meneghiniana, 
Diatoma vulgaris, Diploneis subovalis, Gomphonema pseudo
agur, G. truncatum, G. venusta, Pinnularia borealis  and  
P. acrosphaeria which were considered ‘locals’. These species 
may have developed morphological adaptations to different 
water flow regimes which enabled them to be better suited 
to their environment. Ruth (1977) and Claquin et al. (2006) 
highlighted that smaller diatoms predominate under condi-
tions of high water flow in lotic systems, which was the case in 
our study – the downstream site was dominated by small-sized 
diatoms. Song (2007) showed that there was a shift from domi-
nance by large-celled upright filamentous taxa at low water flow 
to smaller chain-forming taxa at higher water flow, in response 
to changes in water flow in the Maple River, Michigan.

The pH levels also played an important role in structuring 
benthic diatom communities in this study. The pH levels affect 
diatom motility and adhesion to surfaces. The affinities of  
diatoms to various cations have not been sufficiently investi-
gated or demonstrated, but are likely to be linked to physio-
logical mechanisms (Bere et al., 2013). The pH level can exert  
a direct physiological stress on diatoms and also strongly  
influences other water chemistry variables such as resistivity 

and conductivity (Bere and Tundisi, 2011). The pH values at  
the upstream site were largely alkaline (6.4–8.9), while at the 
downstream site they were circumneutral; thus most of the  
species were either alkaliphilic or circumneutral-tolerant.  
A decrease in pH downstream may have had an influence on 
diatom population growth and development in A. standeri,  
F. capucina, G. trancatum, G. venusta and P. borealis, which are 
weakly alkaline to slightly acidic environment species, while an 
increase in pH had an influence on upstream species, F. ulna 
var. acus, F. biceps and G. angustatum, which are alkaliphilic 
species (Taylor et al., 2007; Koçer and Şen, 2012). TDS, which  
is commonly used as an indicator of the presence of a broad 
array of chemical contaminants (Jorgensen, 1996), was also 
important in structuring diatom communities. The distri -
bution of moderate- to high-electrolyte content species such as  
A. standeri, D. subovalis, F. capucina, G. trancatum, G. venusta, 
P. pseudoagur and P. borealis (Taylor et al., 2007) were influ-
enced by TDS concentrations in this study, as clearly reflected 
in the RDA graph. 

Resistivity levels were also important in structuring diatom 
community structure with the downstream warmer site associ-
ated with low resistivity levels. Resistivity of water is a measure 
of the ability of the water to resist an electric current, and is 
directly related to the amount of ionic material, mainly salts, 
in the water (Jorgensen, 1996). Thus, water with a relatively 
high TDS will have a low resistivity and a high conductivity 
(Jorgensen, 1996). Species such as F. ulna var. acus, F. biceps, 
G. angustatum and T. fasciculata, which are mostly cosmo-
politan, inhabit different electrolyte content habitats, have low 
conductivity and alkalinity tolerances, and hence are greatly 
influenced by resistivity, which is an indirect measure of these 
two parameters (Taylor, 2007). 

Nitrate concentration was identified as one of the main 
factors structuring diatom communities within the upstream 
site. The upstream site was associated with high nitrate concen-
trations, with Days 7, 21 and 28 being separated from the rest of 
the time period. Nitrate concentration is an important nutrient 
required for diatom growth and has an important function in 
the structuring of benthic diatom communities in river  
systems (Bere et al., 2013). Diatoms in the upstream sites  
influenced by nitrate concentration included Hantzschia 
amphioxys, G. angustatum, Fragilaria capucina var. rumpens,  
F. capucina var. vaucheriae, Brachysira neoexilis and P. diver
gens var. undalata. 

Benthic diatom colonisation and development

Benthic diatom colonisation and development on tile surfaces 
is the direct consequence of immigration, reproduction, dis-
turbance, death, grazing and emigration (Ruth, 1977; Peterson, 
1986; Delesalle, 1993; Claquin et al., 2006; Power et al., 2008; 
Bere and Tundisi, 2011; Koçer and Şen, 2012; Bere et al., 2013). 
Periods of 3 to 4 weeks have been sufficient for benthic dia-
tom colonisation and development, which are dependent on 
algal abundance and biomass in the water column (Peterson, 
1983; Lane et al., 2003; Bere and Tundisi, 2011; Kralj et al., 
2006). The numerically dominant benthic diatom genera 
found in this study, especially Cocconeis, Cymbella, Fragilaria, 
Gomphonema, Pinnularia and Epithemia, are important com-
ponents of stream diatom communities worldwide (Lane et al., 
2003; Claquin et al., 2006; Koçer and Şen, 2012). 

In our study, the species richness peaked after 21 days and 
seemed to stabilise thereafter at both sites. There was signifi-
cant arrival of new colonisers within the first 14 days, e.g., the 
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Achnanthes, Achnanthidium and Pinnularia genera (down-
stream) and Cocconeis and Gomphonema spp. upstream.  All 
of the observed new coloniser genera at both sites have high 
immigration rates and respond better than other genera to 
disturbance, which enables them to populate surfaces before 
other competitors (Stevenson, 1990). Other pioneer colonists, 
such as Fragilaria spp. observed at both sites, were mostly 
relatively large and had an advantage during immigration in 
that they can settle rapidly to the substrate (Stevenson, 1990; 
Krajl et al., 2006). Fragilaria spp., which are non-motile and not 
very good competitors during later stages of colonisation, were 
shown to decrease in their abundances with time (Table 2). 
Craticula, Diploneis, Gomphonema, Staurosira and Eunotia spp. 
at the downstream site, and Brachysira, Craticula, Hantzschia, 
Navicula and Eunotia spp. at the upstream site, were dominant 
as time progressed. These are considered as intermediate to late 
colonisers, as most of these genera have low (slow) immigration 
ability but their small size makes them fast reproducers, and 
they are probably better competitors in nutrient-rich environ-
ments than the other species mentioned. 

The Shannon–Wiener diversity index increased down-
stream up to Day 21 before decreasing, but continued to 
increase upstream. This may be explained by the fact that more 
new species were still migrating to tiles upstream (Table 2) after 
Day 21, suggesting that the population had not yet reached sta-
bility, whereas the downstream site after Day 21represented the 
late stages of diatom community development, during which 
competition might be a factor causing a decrease in diversity 
(Krajl et al., 2006).

CONCLUSION

Diatom colonisation and development in the Kowie River, 
Eastern Cape, was governed by physico-chemical factors such 
as water flow, resistivity, phosphates, pH, salinity, TDS and 
nitrates. This result corroborates the classic subsidy-stress 
gradient model of Odum et al. (1979), which states that small-
scale perturbations involving usable nutrients would stimulate 
ecosystem function, while continued perturbation would have 
a negative impact on community equilibrium and function-
ing. Since benthic diatom communities recycle nutrients, and 
use recycled nutrients within the community for some time, 
this isolates benthic diatom communities from the influence 
of external nutrient inputs, which can be advantageous to their 
survival because most of the inputs from the water column can 
then be used to increase net growth and production (Wetzel, 
1993). The flood event in the Kowie River caused a major per-
turbation which heavily affected the benthic diatom commu-
nity equilibrium and functioning by affecting nutrient sources 
and community structure, as most diatoms were washed away 
by the flood. Long-term monitoring studies are clearly required 
to better understand the colonisation, development, succession 
and productivity of diatoms in flowing waters (streams and 
rivers).
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