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ABSTRACT
This study aimed to assess the impact of land use patterns on water quality and benthic diatom community structure and to
test the applicability of diatom indices developed in other regions of the world to a small temperate southern African river
system. Sampling was conducted at eight study sites along the length of the river on four separate occasions. Multivariate
data analyses were performed on the diatom community dataset to specify the main gradients of floristic variation and to
detect and visualize similarities in diatom samples in relation to land-use patterns within the catchment. One hundred
and twelve (112) diatom species belonging to 36 genera were recorded during the study. Canonical correspondence analysis
(CCA) demonstrated that variations in the benthic diatom community structure were best explained by ammonium, nitrate,
conductivity, pH, temperature, resistivity and water flow. OMNIDIA was used for calculation of selected diatom water
quality indices. A number of the indices, e.g., the trophic diatom index (TDI), eutrophication/pollution index and biological
index of water quality (BIWQ), either under- or over-estimated the water quality of the system. With few exceptions, there
were no significant correlations (p> 0.05) between the diatom indices’ values and the nutrient variables. The absence of any
significant correlations between the diatom indices’ values and selected physico-chemical variables suggests that indices
developed in other regions of the world may not be suitable for temperate southern African rivers.
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INTRODUCTION

Rivers, streams, ponds, lakes and reservoirs constitute an
estimated 65% of freshwater ecosystems worldwide and

are regarded as the most vulnerable water systems globally
(Vorosmarty et al., 2010; Schowe and Harding, 2014; Tan

et al, 2015). Anthropogenic effects, such as increased water
consumption, industrial and agricultural activities or urbani-
sation, and inorganic processes such as erosion, precipitation
inputs or weathering of crustal materials, degrade surface
waters. This impacts the ecological integrity and functioning of
freshwater ecosystems and subsequently impairs their use for
domestic, industrial and agricultural purposes (Wu et al., 2012;
Venkatachalapathy and Karthikeyan, 2015). Distinguishing
and managing dynamic environmental conditions in diverse
systems requires a cutting-edge approach taking into account
ecological principles; an example of such an approach is bio-
logical monitoring.

Diatoms are the main primary producers and chemical
modulators in freshwater aquatic ecosystems(Wu et al., 2012;
Bere et al., 2014; Dalu et al., 2014a, b; Mangadze et al., 2015)
and represent an important carbon and energy source for
secondary consumers (Tan et al., 2014a; Venkatachalapathy
and Karthikeyan, 2015). Because diatoms are very sensitive to
environmental change and/or disturbances such as eutrophica-
tion, acidification, land use and pollution, they are considered
to be powerful indicators of water quality in freshwater systems
(Harding et al., 2005; Taylor et al., 2007a; Walsh and Wepener,
2009; Bere and Tundisi, 2010a; Wu et al., 2012; Rimet et al.,
2015). Moreover diatoms have distinct ecological tolerances
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(Bahls, 1993) and short generation time (Zalack et al., 2010;
Tan et al., 2014b), making them suitable indicator organisms
for water quality changes over short time scales. Diatoms have
been employed as water quality indicators in Europe (Kelly et
al. 1998; Prygiel et al., 1999), North America (Stevenson and
Pan, 1999; Lowe and Pan, 1996; Winter and Duthie, 2000;
Lavoie et al., 2006, 2014), South America (Lobo et al., 1996;
Bere and Tundisi, 2011), Australia (Chessman et al., 1999; John,
2000), Asia (Lobo et al., 1995; Rothfritz et al., 1997) and, to a
lesser extent, Africa (Bellinger et al., 2006; Ndirutu et al., 2006;
Taylor et al., 2007a, b; Bere et al., 2014; Mangadze et al., 2015).

Diatom indices are commonly used to summarise eco-
logical and hydrological information provided by diatom
assemblages (Almeida et al., 2014), and have been developed
and applied for water quality assessment worldwide (Bate et
al., 2002; Taylor et al., 2007a, b; Tan et al., 2014b). Most of the
indices employed are based on Zelinka and Marvan’s (1961)
approach, which considers weighted averages of taxa’s sensi-
tivity to nutrients and organic degradation, as well as pH and
salinity (Taylor et al., 2007b; Almeida et al., 2014; Bere et al.,
2014; Hlabikova et al., 2014). The simplest indices comprise a
single metric which is used to indicate the degree of impact
(Taylor et al., 2007a; Schowe and Harding, 2014). Assessments
using diatom-based indices can provide a holistic perspective
and general indication of the ecological status of a river system
(Mistri et al., 2008; Tan et al., 2015). Indices that are regularly
used require diatoms to be identified to species level (Bate et
al., 2002). This requirement of fine taxonomy, together with
the frequent changes in nomenclature, complicate the reliable
comparison of diatom-based water quality results, and are an
additional reason for inter-calibration (Almeida et al., 2014;
Besta et al., 2015).

Diatom indices have been employed in southern African
studies, e.g., Bate et al. (2004), Bellinger et al. (2006), Taylor et
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al. (2007a, b), Walsh and Wepener (2009) and Bere et al. (2013),
although to a limited extent. The aim of our study was two-fold:
(i) to assess the impact of land-use patterns on water quality
and benthic diatom community structure in a small temper-
ate South African river in the Eastern Cape Province of South
Africa, and (ii) to test whether routinely employed diatom
index values are consistent with observed physico-chemical
variables along the length of the river. We hypothesised that
changes in water quality resulting from different land use pat-
terns would be reflected in diatom community structure.

MATERIALS AND METHODS

Study area

The temperate Kowie River drains a catchment area of approxi-
mately 800 km?and has a total length of ~70 km. Mean annual
rainfall is 650 mm, which is evenly distributed over the entire
catchment area. Minimum and maximum air temperatures are
1.5°C and 43°C, respectively. Land use in the catchment of the
upper to middle reaches of the Kowie River includes pineapple,
citrus, chicory and livestock farms. A sewage treatment plant

in the coastal town of Port Alfred discharges effluent into the
lower reaches of the Kowie River. The study was conducted in
September and November 2012, and February and May 2013.
Eight sites were selected along the Kowie River system: two

sites (F1 and F2) were located in relatively un-impacted forested
upper reaches to act as reference sites, two sites (F3 and F4) were
polluted by the Bloukrans River which drains Grahamstown
and by intensive farmlands along the Belmont Valley area, three
sites (F5, E1 and E2) were polluted by JP de Wet Steyn River
which drains farmlands, and Site E3 was polluted by effluent
from a sewage treatment works in Port Alfred (Fig. 1).

Physico-chemical variables

A Flo-mate portable flow meter Model 2000 (Marsh McBirney;,

Maryland) was used to measure water depth and current veloc-
ity during each sampling visit. A CyberScan Series 600 portable
probe (Eutech Instruments, Singapore) measured conductivity,

dissolved oxygen, pH, resistivity, salinity, total dissolved solids

and temperature. Samples of water (500 mL) were collected in
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Figure 1
Location of the study sites, in relation to land use characteristics within
the Kowie River system
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triplicate and placed on ice in the dark awaiting further pro-
cessing in the laboratory for analysis of nutrients (ammonia,
phosphates and nitrates),. Nutrient concentrations, employed as
proxies for land-use activities, were analysed using a multipa-
rameter bench photometer (HI 83203, Hanna Instruments Inc.,
Rhode Island) within 12 h of collection.

Diatom sampling

Periphyton samples from the river section, Sites F1 to F5,

were collected by brushing at least 10 pebble- (> 2-64 mm)

to cobble-sized (> 64-256 mm) rocks/stones randomly col-
lected from within the channel of the river. Prior to sampling,
all rocks were gently shaken in stream water to remove any
loosely attached sediment. Epipsammic diatoms from the
estuary section of the river were sampled from Sites E1 to E3
due to absence of rocks/stones, by pressing a Petri dish lid into
the top layer of silt/clay (<0.063 mm) to a depth of 5-7 mm,
followed by carefully sliding a spatula blade under the Petri
dish to isolate the contents in the dish, which were then gently
brought to the surface. The periphyton/epipsammic contents
were emptied into a labelled container and preserved in Lugol’s
iodine for microscopic examination in the laboratory. Two
days after collection, the benthic diatom samples were digested
using the potassium permanganate and hydrochloric acid
method following Taylor et al. (2005) and mounted in Pleurax
(JC Taylor, North-West University, Potchefstroom) (r.i. 1.73). A
total of 300-650 valves per sample (based on counting effi-
ciency determination method by Pappas and Stoermer (1996))
were identified and counted using a phase-contrast microscope
(Olympus light microscope, x1 000; Model CX21FS1, Olympus
Corporation, Tokyo). The diatoms were identified to species
level based mainly on studies from South Africa (Taylor et al.,
2007).

Data analysis

A Shapiro-Wilk normality test was carried out to test for the
normality of the data so as to satisfy the assumptions of para-
metric statistical analysis. Since the data violated the ANOVA
assumptions, a non-parametric test using ordinal rating
(Kruskal-Wallis) was used to test for differences in mean values
of physico-chemical variables among study sites and seasons
using SPSS 16.0 for Windows software (SPSS Inc., 2007).

Multivariate analysis

Principal component analysis (PCA) was conducted to derive
gradients among physico-chemical factors, with the signifi-
cance being tested using the Bartlett’s test. Multivariate data
analyses were then performed on the diatom community
dataset to specify the main gradients of floristic variation and
to detect and visualize similarities in diatom samples in rela-
tion to land use patterns within the catchment. Preliminary
de-trended correspondence analysis (DCA) was applied to the
diatom community dataset to examine the gradient lengths.
The DCA analysis revealed that the gradient lengths were
greater than 3 standard deviation units, justifying the use of
unimodal ordination techniques (Ter Braak and Verdonschot,
1995). Thus, canonical correspondence analysis (CCA) was
used to explore the relationships between diatom com-
munities and predictor variables from different study sites.
Preliminary CCA analysis identified collinear variables and
selected a subset on inspection of variance inflation factors
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(VIF < 20; ter Braak and Verdonschot, 1995). Monte Carlo
permutation tests (999 unrestricted permutations, p < 0.05)
were used to test the significance of the axis and hence deter-
mine if the selected physico-chemical variables could explain
much of the diatom data variation, including all the measured
physico-chemical variables combined. Input for the pro-
gramme included the relative abundance of diatom taxa that
were present in a minimum of two samples, with > 1% relative
abundance in at least one sample. PCA was performed using
PC-ORD version 5.10 (McCune and Mefford, 2006) and DCA/
CCA were performed using CANOCO version 5.1 (Ter Braak
and Smilauer, 2002).

Diatom indices

The diatom species counts were entered into OMNIDIA ver-
sion 5.3 (Lecointe et al., 1993), a diatom database and indi-
ces calculation tool. The following indices were calculated:
Artois-Picardie Diatom Index (APDI; Prygiel et al., 1996),
Biological Diatom Index (BDIL Lenoir and Coste, 1996),
Biological Index of Water Quality (BIWQ; Lobo et al., 2004),
Commission of Economical Community (CEC; Descy and
Coste, 1991), Descy’s Pollution Index (DES; Descy, 1979),
Eutrophication/Pollution Index (EPI; Dell’'Uomo, 1996),
Leclercq (IDSE; Leclerq and Maquet, 1987), Pampean Diatom
Index (PDI; Gomez and Licuirsi, 2001), Pollution Sensitivity
Index (SPL; Coste and Ayphassorho, 1991), Saprobic Index

(SL Rott et al., 1997), Schiefele and Schreiner’s Index (SHE;
Schiefele and Schreiner 1991), Sladecek’s Index (SLA;
Sladecek, 1986), Specific Trophic Index (TT; Rott et al., 1999),
Trophic Diatom Index (TDI; Kelly and Whitton, 1995), and
the Watanabe (WAT; Watanabe et al., 1986). Pearson’s correla-
tions between diatom index values and physico-chemical vari-
ables were calculated using SPSS 16.0 for Windows software
(SPSS Inc., 2007).

RESULTS

Physico-chemical variables

The physico-chemical variable values measured during the
study period are presented in detail in Dalu et al. (2014c,
2015a, b). Nutrient concentrations showed various patterns
along the length of the Kowie River (Fig. 2). Ammonium
(NH,") concentrations increased from the pristine upstream
site, Site F1 (0.14+0.12 mg-L™), to sewage-polluted Site E3
(0.59+0.31 mg-L™). Elevated nutrient concentrations (nitrate
and phosphate) were found at Sites F3 and E3 which were
heavily impacted by agriculture and sewage treatment plant
discharge (see Fig. 2). Significant seasonal differences were
observed for dissolved oxygen (H = 7.08, p = 0.001), oxygen
reduction potential (H = 39.15, p < 0.001) and water flow (H =
3.72, p = 0.024), while significant site variation was observed for
conductivity (H = 20.8, p < 0.001), total dissolved solids (H =
15.94, p < 0.001), salinity (H = 18.73, p < 0.001), water depth (H
=45.47, p < 0.001) and ammonium (H = 13.25, p = 0.001).

Principal component analysis of physico-chemical fac-
tors extracted three components with eigenvalues >1.0, which
accounted for 69.2% of the variance (Table 1). The 1* axis (or
factor), accounting for 39.6% of the variance, separated ammo-
nium, conductivity, nitrates, salinity, total dissolved solids, and
water depth with factor loadings >0.60. The 2™ axis (or factor)
explained 16.7% of the variance, and was primarily composed
of nitrates, temperature and water flow (Tables 1 and 2).

http://dx.doi.org/10.4314/wsa.v42i2.02

Available on website http://www.wrc.org.za

ISSN 1816-7950 (On-line) = Water SA Vol. 42 No. 2 April 2016
Published under a Creative Commons Attribution Licence

(b)

N W
o o
L s

NO,  conc.
)

o
L
|

PO43' conc.

F3 F4 F5 E1 E2 E3
Siteg

F1 F2

Figure 2
Variation in nutrient concentrations (+ standard deviations; mg-L™') used
as a proxy for land use, within the Kowie River system; (a) ammonium
(NH,?), (b) nitrates (NO,"), and (c) phosphates (PO >") concentrations
(conc.)

TABLE 1
Total variance explained by PCA for physico-chemical
variables in the Kowie River, South Africa

. . % of Cum. % of
Axis Eigenvalue . R
Variance Variance
1 4.353 39.571 3.020
2 1.838 16.705 2.020
3 1.416 12.869 1.520
4 0.915 8.319 1.187
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Diatom community structure

TABLE 2
First four axes extracted by PCA using 11 physico- ) ) )
chemical factors in the Kowie River, South Africa. Bold One hundred and twelve (112) diatom species belonging to
values indicate significance at p < 0.05 36 genera were recorded in total. The mean diatom frequency
Variabl Axi of occurrence for the dominant taxa across the study period
arlable xis is highlighted in Table 3. Canonical correspondence analysis
1 2 3 4 (CCA) analysis results are presented in Fig. 3, with the 1 and
Ammonium 0.6841 0.0194 _ 0.1973 27 axes of the selected exploratory variables accounting for
— 57.7% of the total community data variance. Ammonium,
Conductivity 0-9718 0.0558 01086 _ nitrate, and conductivity were positively associated with the 1*
Nitrates - - 0.2794 - axis while water flow was negatively associated with the 1 axis
pH 0.2326 0.0150 _ _ (Fig. 3). Temperature and pH levels were positively associated
Phosoh o 02 ! with the 2" axis, while resistivity was negatively associated
osphates 0.2487 0.020 - 0.590 with the 2™ axis.
Water depth 0.9062 - 0.2053 - Multivariate ordination analysis separated the sites into
Water flow _ _ _ 0.2069 four distinct groupings based on catchment land-use effects
Resistivi 04843 03324 04923 (Fig. 3). Group 1 consisted of the upper reaches, Sites F1 and F2,
esistivity — . i . which were considered to be pristine. These sites were associ-
Salinity 0.9564 0.0630 0.0991 0.0146 ated with high flow, low concentrations of ammonium and
Temperature 0.1502 _ 0.1959 0.2415 nitrates, and lower conductivity (Fig. 3). Sites F1 and F2 were
Total dissolved characterised by Fragilaria tenera (W Smith) Lange-Bertalot,
sslieclls 1ssotve 0.9602 0.0664 0.0760 - Cyclostephanos dubius (Fricke) Round and Gyrosigma acumina-
tum (Kiitzing) Rabenhorst. The 2™ group (Group 2) consisted
(= =)
29 N
oF1 . ~ A
ol Temp
Npal Emin|:
p P o i ~
eng WE :
Fcro WV El
* Gven ; Cmen ®Ngrg
Ften  "“onrhe 3 Mdub.-" . E2_* SPUp
s y‘. .: Nsz ‘."OTlev NSIg .T||t var
e W . *
Acop+ Fuln . Bbor.-" Eadn Rcon
Fcap Gacu . sh ~.Tfas Fnan, D"é’e': Ncry
Cbud, «Dcon., +ECOR2DIE" " Psal....ccccens Ndrge...o > NHg4
LClyeeNcrp Fuac T e * Sova o,
Aspp Asta . |% Dsub=.... Col 40.56 %
. v, ®
) . A «Dpse
. +Gatt* Tgra”~ | *Shane Cspp g
Neri 88 g Nsple < Conductivity
Coce* * . Twei
pyir -~ Nclo| Nitrate
Nven,  EVIr Sell o .
Ckap Nlin - Tapi
e -
Epla® F3 7 ‘Ceng ‘Pelo Y
' E3
Resti b
; *Nspp Dvul*Dvac
*
Emln’.F4
Nrev
@
o F5
L
"L .
-0.8 1.0

Figure 3
Canonical correspondence analysis (CCA) diagram showing simultaneous effects of physico-chemical variables on most frequently occurring diatom
taxa in the ordination space of the 1" and 2" axes averaged for the four sampling periods. Abbreviations: Restiv - resistivity, NH,*~ ammonium,
Temp - temperature, WF — water flow and taxa codes correspond to those in Table 3.

http://dx.doi.org/10.4314/wsa.v42i2.02

Available on website http://www.wrc.org.za

ISSN 1816-7950 (On-line) = Water SA Vol. 42 No. 2 April 2016
Published under a Creative Commons Attribution Licence

186



TABLE 3
Acronyms used in CCA tri-plot and cumulative frequencies. Abbreviations: + (< 1 %), « (> 1 % to 4.9 %), & (> 5 % to0 9.9 %) and
X (>10 %). Diatom taxa without codes were not included in the OMNIDIA analysis. Source: Dalu et al. (2015a, b)

Diatom frequency for sites

Species Codes

F1 F2 F3 F4 F5 E1 E2 E3
Achnathes standeri Cholnoky Asta « « +
Achnathes sp. Aspp + + « «
Achnathidium exiguum (Grunow) Czarnecki Aexi + « «
Amphora copulata (Kiitzing) Schoeman and Archibald Acop +
Campylodiscus clypeus Ehrenberg Ccly + « + + + «
Cocconeis engelbrechtii Cholnoky Ceng + + + « +
Cocconeis placentula Ehrenberg Cpla + + +
Craticula buderi (Hustedt) Cbud + «
Cyclostephanos dubius (Fricke) Round Cdub « « + « + «
Cyclotella sp. Cspp + + +
Cyclotella meneghiniana Kiitzing Cmen + « a X « + + +
Cyclotella ocellata Pantocsek Coce « + « « «
Cymbella kapii (Cholnoky) Cholnoky Ckap + + « + «
Diadesmis confervacea (Kiitzing) DG Mann Dcon « o
Diatoma vulgaris Bory Dvul + « + « « + o
Diploneis subovalis Cleve Dsub + +
Diploneis vacillans (A Schmidt) Cleve Dvac « + « « «
Diploneis weissflogii (A Schmidt) Cleve Dwei + + +
Discostella pseudostelligera (Hustedt) Houk and Klee Dpse + + «
Encyonema minuta (Hilse) DG Mann Emin + + «
Entomoneis paludosa (W. Smith) Reimer Epla + « + « + « + +
Epithemia adnata (Kitzing) Brebisson Eadn « + + +
Eunotia minor (Kiitzing) Grunow Emin « +
Fallacia tenera (Hustedt) DG Mann Ften « +
Fragilaria biceps Ehrenberg Fbic a X X « X + +
Fragilaria capucina var. rumpens (Kiitzing) Lange-Bertalott Fcap + «
Fragilaria crotonensis Kitton Fcro + «
Fragilaria nanana Lange-Bertalot Fnan o
Fragilaria tenera (W Smith) Lange-Bertalot Ften + o} « +
Fragilaria ulna (Nitzsch) Lange-Bertalot Fuln « o o} « X + + «
Fragilaria ulna var. acus (Kiitzing) Lange-Bertalott Fuac X X « o X « « «
Gomphonema acuminatum Ehrenberg Gacu + « « + +
Gomphonema venusta Passy, Kociolek andLowe Gven « « «
Gyrosigma acuminatum (Kutzing) Rabenhorst Gacm « + + « +
Gyrosigma attenuatum (Kitzing) Cleve Gatt « + « + + + « «
Melosira dubia Kiitzing Mdub a + «
Melosira varians Argadh Mvar « + « +
Navicula sp. Nspp + + « «
Navicula cryptocephala Kiitzing Necry « « « + +
Navicula cryptotenella Lange-Bertalott Ncrp + « « « «
Navicula erifuga Lange-Bertalot Neri + +
Navicula gregaria Donkin Ngre + « + + + +
Navicula rhynchocephala Kiitzing Nrhy + «
Navicula veneta Kutzing Nven + + + +
Nitzschia sp. 1 Nspl + + « + + « +
Nitzschia sp. 2 Nsp2 + « « + «
Nitzschia closterium (Ehrenberg) W Smith Nclo + « « «
Nitzschia draveilensis Coste and Ricard Ndra + «
Nitzschia linearis (Agardh) W Smith Nlin « + + +
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Table 3 (continued)
Diatom frequency for sites

Species Codes

F1 F2 F3 F4 F5 E1 E2 E3
Nitzschia palea (Kutzing) W Smith Npal + +
Nitzschia reversa W Smith Nrev + « « «
Nitzschia sigma (Kiitzing) W Smith Nsig « « + « « +
Pinnularia borealis Ehernberg sensu lato Pbor + + +
Pinnularia viridiformis Krammer Pvir « + + + +
Planothidium engelbrechtii (Cholnoky) Round and Bukhityarova Peng « + «
Pleurosigma elongatum W Smith Pelo X a X « « X X X
Pleurosigma salinarum (Grunow) Grunow Psal X X
Radiofilum conjunctivum Schmidle Rcon « «
Sellaphora pupula (Kiitzing) Mereschkowsky sensu lato Spup + + + + +
Staurosira elliptica (Schumann) Williams and Round Sell « + « + « « « «
Stephanodiscus hantzschii Grunow Shan « « + + +
Surrirella brebissonii Krammer and Lange-Bertalott Sbre + « + « + o « «
Surirella ovalis Brebisson Sova « « + « « o o «
Tabularia fasciculata (Agardh) Williams et Round Tfas « + « «
Thalassiosira weissflogii (Grunow) Fryxell and Hasle Twei « «
Tryblionella apiculata Gregory Tapi + + + + +
Tryblionella gracilis W Smith Tgra « + + + + +
Tryblionella levidensis W Smith Tlev « «
Tryblionella littoralis (Grunow) DG Mann Tlit + + + +

of Sites F3, F4 and F5 that were polluted by the Bloukrans River,
which carries discharged effluent from a Grahamstown sew-
age treatment works and agricultural input from the Belmont
Valley area. These sites were negatively associated with the 1+
and 2" axes and were associated with high resistivity and low
temperature and pH (Fig. 3). The diatom community at these
three sites was characterised by Cymbella kapii (Cholnoky)
Cholnoky, Eunotia minor (Kiitzing) Grunow, Entomoneis palu-
dosa, Navicula spp., Navicula veneta Kiitzing, Nitzschia reversa
W Smith, and Nitzschia linearis (Agardh) W Smith (Fig. 3).

Group 3 consisted of Site E3 which is highly impacted by
sewage effluent discharge from Port Alfred and was positively
associated with ammonium, nitrates and conductivity. The
diatoms Tryblionella apiculata Gregory, Pleurosigma elongatum
W Smith, Diploneis vacillans (Ant Schmidt) Cleve, Diatoma
vulgaris Bory and Staurosira elliptica (Schumann) Williams
and Round were associated with Site E3 (Fig. 3).The fourth, and
last, group consisted of the moderately impacted Sites E1 and
E2, associated with high temperature and ammonium and low
resistivity (Fig. 3). These sites were associated with Cyclotella
meneghiniana Kiitzing, Melosira varians Argadh, Navicula
gregaria Donkin, Nitzschia sigma (Kiitzing) W Smith, and
Tryblionella littoralis (Grunow) DG Mann (Fig. 3).

Diatom indices

Of the total 112 diatom species identified, 97 species were
listed in OMNIDIA. As a consequence, only these species
were included in the calculation of the various diatom indices.
The omitted taxa were either uncommon in the areas where
the indices were developed or were planktonic forms (e.g.
Amphora, Discostella) (Table 4). The trends in the different
diatom indices were broadly similar with low values recorded
in the upper reaches, intermediate values in the middle and
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elevated values in the lower section of the system (Table 5).
The CCA ordination analysis (see Fig. 3) was similar to the cal-
culated diatom indices, although a number of the indices, e.g.,
DI-CH, TDI, EPI and BIWQ, either under- or over-estimated
the water quality of the system (Table 5). Pearson correlation
analysis indicated that conductivity, pH, resistivity, salinity,
total dissolved solids (TDS), and water depth were signifi-
cantly correlated (p < 0.05) with the majority of the index
scores. This is in contrast to the other physico-chemical vari-
ables (Table 5). The physico-chemical variables which typically
were associated with poor water quality, including ammonium
(NH,*), nitrates (NO,") and phosphates (PO,*") ions, were only
significantly correlated with either one of the diatom indi-

ces, e.g., the SHE, DICH and BIWQ (Table 5). No significant
correlations (p > 0.05) were observed for CEC, GDI, PD], SI,
TI and WAT diatom indices with physico-chemical variables,
but APDI, BDI, and BIWQ diatom indices showed significant
correlations (Table 5).

DISCUSSION

In agreement with studies conducted elsewhere (e.g. Lobo et
al., 2004; Ndiritu et al., 2006; Taylor et al., 2007; Bellinger et
al., 2009; Bere et al., 2014, Hlubikova et al., 2014; Tan et al.,
2014a, b), the current study indicates that benthic diatom
communities can be a useful tool for water quality monitoring
since the diatom communities recorded changed in response
to land-use patterns and anthropogenic activities. Most of

the sites along the length of the river, excluding the upstream
sites, were subjected to point-source pollution from the catch-
ment, which resulted in the species distribution being strongly
biased towards cosmopolitan diatom species (e.g. Fragilaria
ulna, Gomphonema acuminatum) and those that are tolerant
to pollution (Nitzschia linearis, N. palea and N. reversa).
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TABLE 4

Index, BIWQ - Biological Index of Water Quality.

Diatom index scores recorded for the Kowie system: APDI - Artois-Picardie Diatom Index, EPI - Eutrophication/Pollution
Index, BDI - Biological Diatom Index, SHE - Schiefele and Schreiner’s Index, SI - Saprobic Index, Tl - Trophic Index, WAT

- Watanabe Index, SPI - Specific Pollution Sensitivity Index, SLA - Sladecek’s Index, DES - Descy’s Pollution Index, IDSE

- Leclercq Index, CEC - Commission of Economical Community Index, TDI - Trophic Diatom Index, PDI - Pampean Diatom

(NH,*), phosphate (PO *"), nitrate (NO,") and abbreviations for indices see Table 4.

Indices Trophic Sites
F1 F2 F3 F4 F5 E1 E2 E3
SLA 0 (best) to 4 (worse) 1.8+0.1 1.9+0.1 2.2+0.1 2.14+0.1 1.9+0.3 2.2+0.3 2.2+0.2 2.1+0.2
DES 1 (worst) to 5 (best) 2.9+0.7 3.3+£0.5 3.3£0.3 3.1+0.2 2.8£0.5 3.1+0.8 3.2£0.5 3.9+0.4
IDSE 1 (worst) to 5 (best) 3.4+0.1 3.3£0.2 2.9+0.1 2.9+0.2 3.3£0.3 2.7£0.3 2.9+0.5 3+0.3
SHE 1 (worst) to 7 (best) 5+0.1 5.2+0.3 4.7£0.6 4.7£0.2 4.8+0.5 4.8+0.4 4.9+0.6 4.9+0.5
WAT 0 (worst) to 100 (best) 53.9+5.1 | 50.6+10.1 | 46.8+11.14 | 42.4+10.2 | 44.7+21 51.6+2.7 | 38.6£25.8 | 52.9+3.8
TDI 0 (best) to 100 (worst) 48.1+18 | 66.7+10.8 67+12 73.8+2.7 | 56.7£5.7 | 60.5x11.2 | 74.2+6.4 78.9+15
CEC 0 (worst) to 10 (best) 3.5+2.4 6.2%1.6 3.1+0.7 3.6+0.9 3.8+2.7 2.3+2.8 2+2.3 1.3+2.5
SPI 1 (worst) to 5 (best) 3.6+0.4 3.2+0.4 3+0.3 2.8+£0.3 3.3+0.5 2.2+0.3 2.2+0.3 2.4+0.3
BDI 1 (worst) to 7 (best) 4.4+0.2 4.4+0.2 4.1+£0.03 4+0.3 4.3£0.2 3.3+0.4 3.5+0.5 3.8+0.2
APDI 1 (worst) to 5 (best) 3+0.1 3+0.8 2.8+0.7 2.6+0.5 2.9+0.4 2+0.7 2.4+0.3 2.3+0.3
EPI 0 (best) to 4 (worst) 1.7£0.2 1.9+£0.4 2.3+0.2 2.3+0.3 1.8+£0.6 2.7£0.2 2.5+£0.3 2.3+0.2
DICH 1 (best) to 8 (worst) 5.1+0.4 4.6%1.1 4.940.4 4.9+0.5 5.5+0.8 4.4+1.3 4.840.7 4.7+0.3
PDI 0 (best) to 4 (worst) 2.140.3 2.3+0.4 2.6+0.2 2.5+0.2 2.3+0.3 2.4+0.4 2.6+0.4 2.2+0.1
BIWQ 1 (best) to 4 (worst) 3.120.5 2.9+0.2 2.7+0.3 2.8+0.2 2.8+0.4 1.740.5 1.940.5 2.3+0.4
ST 1 (best) to 3.8 (worst) 2.2+0.3 1.9+0.4 2.1+0.4 2.3+0.5 2+0.3 2.5+0.3 2.2+0.5 2.1+0.1
TI 0.3 (best) to 3.9 (worst) 2.7+0.1 2.6+0.2 2.9+0.2 2.9+0.2 2.7+0.4 3.2+0.3 2.9+0.7 3.2+0.1
TABLE 5

Pearson correlation coefficients between measured physico-chemical variables and diatom index scores generated for
Kowie system. Significance (bold values) at * p < 0.05 and ** p < 0.01. Abbreviation, TDS - total dissolved solids, ammonium

TDS Salinity | Resistivity |[Temperature :’:;:; Velocity | Ammonia | Phosphates | Nitrate | Conductivity | pH

SLA - - 0.09 0.07 - 0.12 - 0.16 0.09 - -
DES - - - 0.15 - 0.17 - - 0.37* - 0.03
IDSE 0.47** 0.44** - 0.09 0.47** 0.12 0.13 0.04 - 0.46** 0.28
SHE 0.19 0.17 - - 0.16 - 0.19 - - 0.20 0.04
WAT 0.14 0.17 - - 0.19 - 0.17 - 0.16 0.19 -
TDI - - - - - - - - 0.23 - 0.04
GDI 0.12 0.13 0.09 0.01 0.22 0.05 - 0.00 - 0.13 0.03
CEC 0.13 0.10 - 0.07 0.25 - 0.00 - - 0.14 0.12
SPI 0.59** 0.57 - 0.10 0.63** - 0.33 0.15 - 0.59** 0.35%
BDI 0.48** 0.45* - 0.19 0.55** 0.12 0.29 0.12 - 0.48** 0.45*
APDI 0.38* 0.34* - - 0.37* 0.13 0.27 0.01 - 0.37* 0.38%
EPI - - 0.34 - - 0.11 - 0.06 0.12 - -
DICH 0.12 0.13 0.09 - 0.10 - 0.17 0.37* - 0.12 0.33
PDI - - 0.02 0.01 - - 0.01 - 0.05 - -
BIWQ 0.46%* 0.41* - 0.12 0.51** - 0.36* - - 0.47** 0.45*
SI 0.06 0.06 0.33 - - - 0.03 0.07 - 0.02 -
TI - - 0.33 - - 0.11 - 0.02 0.10 - -
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Physico-chemical factors influencing diatom
communities

Benthic diatom community structure in freshwater systems is
determined by the interaction of proximate determinants such
as nutrients (e.g. nitrates and phosphorus), intermediate factors
(e.g. longitudinal linkages), and ultimate factors (e.g. climate,
geohydromorphology, and land use) (Lavoie et al., 2008; Bere
etal., 2014; Dalu et al., 2014a, b; Tan et al., 2014a, b). The CCA
analysis for the Kowie River benthic diatom communities
demonstrated that ammonium, conductivity, temperature,
pH, resistivity and water flow (water velocity) best explained
the variation in the diatom community structure. Ammonium
and nitrate concentrations were identified as the main primary
factors. This finding is in agreement with a study conducted

in parallel to the present study by Dalu et al. (2014a, b; 2015a,
b). In our study, we hypothesized that the influence of elevated
nutrients derived from anthropogenic activities would have

an impact on the diatom community structure. The increased
nutrient levels recorded at Sites F3 to F5 and E1 to E3, derived
from human activities, contributed to the predominance

of nutrient-tolerant taxa such as Navicula veneta, Nitzschia
linearis and Tryblionella apiculata (Fig. 3). These findings are
similar to those of Hlubikova et al. (2014), who found that
prolonged nutrient enrichment at moderate concentrations had
an effect on diatom composition in four streams in the western
highlands eco-region of Luxembourg, with studies by Lobo
etal. (2004), Ndiritu et al. (2006) and Mangadze et al. (2015)
observing similar outcomes. In addition to nutrient avail-
ability, water flow was also identified as an important factor in
structuring diatom communities in this study, which again is
consistent with previous studies conducted both locally and
internationally (e.g. Ruth, 1977; Biggs et al., 2005; Song, 2007;
Tan et al., 2014b; Bere et al., 2013; Dalu et al., 2014a).

The PCA analysis of the physico-chemical factors
extracted seven components with eigenvalues >1.0, with a
total variance of 69.15%; the components comprised ammo-
nium, conductivity, nitrate, phosphate, salinity, total dis-
solved solids, and water depth. These findings suggest that
other proximate factors (e.g. substratum) and/or ultimate
factors (e.g. land use and/or cover) likely also influenced the
benthic diatom community structure and distribution in the
Kowie River system. Tan et al. (2014b) also observed similar
findings in the Han River, where he suggested that factors
such as substratum, ultimate factors (i.e. land use) and bio-
logical pressure such as predation (i.e. grazing) could have
smaller effects on the spatial diatom community structure
pattern. In this study, we observed that land use, based on
nutrients as proxy, probably contributes more to the diatom
community structure temporal pattern because ultimate fac-
tors operate at catchment scales over a long period of time.
Therefore, future studies should assess the relationships that
exist between physico-chemical factors and benthic diatoms
in river systems that are heavily influenced by anthropogenic
impacts, and also those that are un-impacted (natural), so as
to have a better understanding of the forces at play.

Water quality status assessed by diatom indices

Diatom indices have been used extensively for water pollution
and trophic status assessment in America, Asia and Europe
(Descy, 1979; Leclerq and Maquet, 1987; Prygiel et al., 1996;
Rott et al., 1997; Tan et al., 2014b; Venkatachalapathy and
Karthikeyan, 2015) and are slowly being introduced in several
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African countries (Bate et al., 2002; Bellinger et al., 2006; Taylor
et al., 2007a, b; Bere et al., 2013). On the African continent, sev-
eral studies have assessed the applicability of the indices devel-
oped in America, Europe and Australasia e.g. CEE, IPS, EPI-D,
IBD, IPS, TDI, and WAT in sub-Saharan Africa (Bellinger et
al., 2006; Taylor et al., 2007a, b; Walsh and Wepener, 2009; Bere
etal., 2014).

In the current study, only BIWQ, DES and DICH diatom
indices were significantly correlated to ammonium, nitrate
and phosphate concentrations. These results are in stark con-
trast to previous studies conducted in Asia (Tan et al., 2014b;
Venkatachalapathy and Karthikeyan, 2015), Europe (Leclerq
and Maquet, 1987; Prygiel et al., 1996), Kenya (Bellinger et al.,
2006), South Africa (Taylor et al., 2007a, b; Walsh and Wepener,
2009) and Zimbabwe (Bere et al., 2014). It is, however, worth
noting that the absence of any significant correlations between
diatom index values and macronutrient concentrations during
this investigation is consistent with similar studies conducted
within the Crocodile, Vaal and Wilge Rivers in South Africa
(Taylor et al., 2007a, b). Interestingly the trophic diatom index
(TDI) was insensitive to eutrophication (ammonium, nitrates
and phosphates) but was significantly correlated with other
physico-chemical variables. It is important to note, however,
that the diatom community at the time of sampling may have
been exposed to different nutrient concentrations prior to those
recorded during the study. Ideally, nutrient concentrations in
the water column should be assessed prior to diatom sampling
although this may not be logistically or economically feasible.
In addition, conductivity and salinity might have overriding
effects on nutrient concentration in this case. This observation
demonstrates the limitation of employing indices developed
elsewhere and, hence, the need for calibration or local adaption
or development of indices unique to the study region, as envi-
ronmental optima and tolerance ranges may vary in different
climates (Lobo et al., 2004; Bellinger et al., 2006; Lavoie et al.,
2009). Bate et al. (2004) observed that most of the common
and dominant diatom taxa found in South African rivers were
already recorded in the international literature. He went on
to conclude that most foreign diatom indices may be used in
tropical systems as they are based on the diatom ecology of
cosmopolitan and widely distributed taxa (Taylor et al., 2005).
However, there is a concern over comparison of diatom species
and autecological preferences between Northern and Southern
Hemispheres (Round, 1991). The universal application of dia-
tom indices may, therefore, not always yield consistent results,
as highlighted in this study and others (e.g. Gémez and Licursi,
2001; Lavoie et al., 2009).

Fifteen diatom species, constituting about 13% of the
recorded taxa, some of them likely endemic to the region of
study, were not included in OMNIDIA. These rare species or
endemic diatoms currently not listed in OMNIDIA may pro-
vide a better tool for local water quality assessment (Lobo et
al., 2004; Bere et al., 2014). The ecological preferences of these
endemic and rare species should therefore be determined
and incorporated in the calculation of the indices for a better
assessment of stream biological integrity in Southern Africa.

CONCLUSION

We have demonstrated that land-use activities within the
Kowie River catchment impacted on the water quality, with
ammonium, nitrate and phosphate concentrations closely
reflecting the urban and agricultural activities within the
catchment. The changes in the physico-chemical parameters
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of the water column were associated with shifts in the diatom
community composition along the length of the river. Diatom-
based water quality indices calculated during this investigation
were, with few exceptions (e.g. DES and BIWQ), not signifi-
cantly correlated to ambient nutrient concentrations (Table 4).
The absence of any significant correlations between the diatom
index values and nutrient concentrations may reflect the fact
that the diatom indices e.g. the CEC, GDI and TDI developed
in other regions of the world may not be suitable for temperate
African streams. Consequently it is proposed that diatom indi-
ces should be developed within the region, after investigations
on the diatom nutrient tolerances and preferences have been
carried out. This will greatly improve water quality analysis
based on diatom indices.
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