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The use of reference conditions is essential to the monitoring and management
of aquatic ecosystems. We examined existing and potential reference sites through
historical data, maps, and field data collected from river sites in KwaZulu-Natal (KZN),
South Africa. In our study, we applied nine criteria that best reflect the characteristics of
South African rivers on 24 a priori selected reference sites. These nine criteria comprised
of catchment conditions (flow modification and natural landscape) and site-specific
attributes (water quality, human disturbance, river channel, water abstraction, riparian
vegetation, riparian zone modification, and instream habitat quality). The a priori selected
reference sites were subjected to validation using multivariate methods, such as
analysis of similarities (ANOSIM), similarity percentages (SIMPER), and non-parametric
multidimensional scaling (MDS) based on the macroinvertebrate fauna by applying a
SASS5 threshold considered to be an indicator of undisturbed sites in South African
rivers. We identified differences in the macroinvertebrate assemblages of the reference
conditions for each river group based on their ecoregions, geomorphology and seasonal
variations. Ecoregions and river geomorphology were better in the grouping of sites
with similar reference conditions than the seasons. Our findings indicated that all
of the selected sites could be considered as valid reference sites; however, caution
should be taken in applying this method to lowland rivers because of their noticeable
seasonal variability and habitat instability which tend to alter their reference states. We
recommend that a type-specific reference condition be developed for lowland rivers.
Also, statistical validation of reference conditions should be a continuous process in
river biomonitoring.

Keywords: reference conditions, macroinvertebrate, multivariate analysis, geomorphology, rivers, biomonitoring,
ecoregions

INTRODUCTION

The River Health Programme of South Africa, which recently metamorphosed into the River Eco-
status Monitoring Program (REMP) (Department of Water and Sanitation [DWS], 2016) and the
Water Framework Directive (WFD) (European Commission, 2000) recognize the importance of
biological criteria in the validation of aquatic ecosystem status or quality (Chaves et al., 2006). This
is because biological components of an aquatic ecosystem are good indicators of (1) water quality
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changes, which may be caused by organic pollution, hazardous
substances or nutrient enrichment (eutrophication); (2) habitat
modifications by physical disturbance, such as dam construction,
canalization, dredging or other forms of construction activities;
and (3) biological pressures on populations, such as the
introduction of alien species (Nixon et al., 2003; Chaves et al.,
2006). For example, a decrease in macroinvertebrate diversity
and an increase in tolerant taxa are expected in the presence
of stressors, which may be indicated using the SASS5 in
South African rivers (Dickens and Graham, 2002).

Using biological methods for the assessment of river water
quality and well-being is prevalent in most countries, and several
of these methods have been standardized, serving as a basis for
policy decisions concerning water quality management (Hering
et al., 2003; De Pauw et al., 2006). Examples of such national
and regional biological assessment methods include an index of
biotic integrity (IBI) (Karr, 1981), riparian, channel environment
inventory (RCE) (Petersen, 1992), index of stream condition
(ISC) (Ladson et al., 1999), river health program (RHP) (Roux,
2001; Department of Water Affairs and Forestry [DWAF], 2008).
Recently, the river eco-status monitoring program (REMP)
replaced the earlier RHP of South Africa (Department of Water
and Sanitation [DWS], 2016). Ecological reference conditions
(RCs) or criteria are the conditions selected through physical,
chemical and biological characteristics that are representative of
a group of near-pristine or “least impacted” sites (Schlacher et al.,
2014; Bouleau and Pont, 2015). Thus, RCs serve as the foundation
for developing biological criteria and enable the determination
of the degree of deviation from natural conditions for protecting
aquatic ecosystems (Muxika et al., 2007; Yurtseven et al., 2016).

The first step in the Ecological Classification process is
the determination of RCs for each of the biotic components
(diatoms, riparian vegetation, invertebrates, and fish fauna)
of the river ecosystem being surveyed (Kleynhans and Louw,
2007). Establishing a RC and specifying ecological class
boundaries allows accurate ecological evaluations of each site by
comparing data from similar sites with little or no anthropogenic
disturbances (Wallin et al., 2003; Bailey et al., 2004; Chaves
et al., 2006). The RCs provide the fundamentals of measuring
anthropogenic impacts, evaluate biological community potential;
and spatial and temporal natural fauna distribution (Reynoldson
et al., 1997; Economou, 2002; Wallin et al., 2003; Bailey
et al., 2004). All RCs do not necessarily represent entirely
undisturbed or pristine conditions, they often include minor
anthropogenic disturbances (Chaves et al., 2006). Although
low human pressure effects may be allowed in a RC, a high
ecological status must always be achieved (Economou, 2002;
Wallin et al., 2003; Bailey et al., 2004). Site hydromorphological
and physicochemical attributes of a RC should meet the criteria of
minimal disturbance for reference biological communities to be
obtained (Reynoldson et al., 1997; European Commission, 2000).

Five different approaches or combinations of the approaches
are currently being used in creating RCs for biological indices
(Barbour et al., 1996; European Commission, 2000; Economou,
2002; Wallin et al., 2003). These are (1) expert judgment, (2)
predictive modeling, (3) historical data, (4) extensive spatial
surveys, and (5) paleo-reconstruction. Obtaining survey data is

a reliable method for establishing a RC, especially in relatively
undisturbed or minimally disturbed sites (Barbour et al., 1996;
Wallin et al., 2003; Bailey et al., 2004; Nijboer et al., 2004).

Although several studies have assessed the ability of regional
classification systems to partition spatial variability, there are
differing opinions on the ecological validity of geographic
delineators (Dallas, 2002, 2004a). For example, water chemistry
parameters have been shown to be useful predictors of ecoregions
(Ravichandrana et al., 1996), while some other studies have
shown that ecoregions cannot effectively explain water chemistry
patterns (Harding et al., 1997). Also, some researchers showed
that macroinvertebrate community structures could be used
to classify ecoregions (Harding et al., 1997; Gerritsen et al.,
2000), while others have contrasting opinions on the correlation
between ecoregions and water chemistry (Hawkins and Vinson,
2000), macroinvertebrate community structures (Marchant et al.,
2000), and vegetation (Wright et al., 1998).

Legislative amendments of the Republic of South Africa have
over time modified the functions of the Department of Water
and Sanitation (DWS) from merely managing the quality and
quantity of water resources to integrated management of the
resources to ensure that the integrity of the ecosystems is not
compromised (Thirion, 2016). The REMP involves a significant
change in the environmental assessment criteria used for the
evaluation of the ecological status of rivers using four dominant
biological indicator groups for river research: diatoms, riparian
vegetation, invertebrates, and fish faunas (Kleynhans, 2007;
Taylor et al., 2007; Thirion, 2007; Kleynhans et al., 2008). Also,
REMP requires ecological classification to be based on deviation
from the expected natural condition, which necessitated the
characterization of the original status of each water body type,
usually designated as the RC.

The widespread human modification of river systems often
poses a difficulty in identifying potential reference sites
(Chessman and Royal, 2004; Chessman, 2006; Chessman et al.,
2008; Dallas, 2013). In South Africa, most possibly minimally
impacted sites are those located in the upper reaches of rivers,
which may not be useful reference sites for downstream river
reaches (Thirion, 2016). Although historical data are often
used as supplementary sources of information to characterize
reference communities (Ehlert et al., 2002; Nijboer et al., 2004),
it is impractical to rely on the historical data for determining
RCs for South African rivers, because this information is scanty
(Thirion, 2016). We examined the success of the multivariate
approach in the selection and validation of reference sites based
on macroinvertebrate assemblages in KwaZulu-Natal (KZN)
Province, South Africa. We expected that sites within the same
classification category (e.g., ecoregions) would have similar RCs
in terms of macroinvertebrate assemblages.

MATERIALS AND METHODS

Study Area
This study was conducted in the major rivers of KZN. The
study sites were spread across KZN covering 17 rivers and five
ecoregions (Kleynhans et al., 2005) rivers (Figure 1). The use of
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FIGURE 1 | River study sites in KwaZulu-Natal, South Africa for the study from March 2015 to March 2016.

ecoregion characteristics in grouping our study sites was because
of their proven efficacy in a variety of applications, which includes
ecosystem management, biotic conservation, climate change
studies, and sustainable food production strategies (Omernik and
Griffith, 2014). The altitudes ranged from 19 to 2098 m a.s.l
within a variety of geomorphological zones (Rowntree et al., 2000;
Moolman, 2008), ranging from headwater to lowland rivers.
Some of the major rivers in this study included the Thukela,
uMvoti, uMgeni, Phongolo, uMfolozi, Mooi, Mtamvuna, and
Buffalo Rivers. The Thukela River is the longest river in
the province, while the uMgeni River has five large dams/
impoundments along its course.

Site Selection and Validation
We selected a total of 24 river sites (16 upland sites; 8 lowland
sites) situated above major anthropogenic disturbances for
this study. We used nine pre-defined criteria, comprising of

catchment conditions (flow modification and natural landscape)
and site-specific attributes (water quality, human disturbance,
river channel, water abstraction, riparian vegetation, riparian
zone modification, and instream habitat quality).

In our study, the Vegetation Response Assessment Index
(VEGRAI) level 3 was used to assess the riparian vegetation
(Kleynhans et al., 2007). The VEGRAI is a semi-quantitative
technique that utilizes several metrics to describe and rate the
ecological status of riparian vegetation. Level 3 VEGRAI requires
that the riparian habitat be divided into two defined zones: (a)
marginal and (b) non-marginal zone. Each zone was assessed
in terms of the intensity and extent of vegetation modification,
invasive alien plant (IAP) infestation or other exotic species,
including agricultural species; and changes in the vegetation
functional groups and distribution through impacts from water
quantity and quality. The VEGRAI index scores range from 0
(critically modified) to 100 (natural indigenous).
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The South African Scoring System 5 (SASS5) (Dickens
and Graham, 2002) was used to assess the macroinvertebrates
well-being. The validation process involved the qualitative
investigation of macroinvertebrates, habitat quality, and water
quality. The minimum a priori validation criteria for SASS5
and VEGRAI were values >100 and >70, respectively. Water
quality variables (temperature, pH, conductivity, and other
related variables) were not considered in the validation process
because natural or seasonal hydrogeological differences may
cause variations or fluctuations in their measurement (Chaves
et al., 2005, 2006; Meinson et al., 2015).

Macroinvertebrates Sampling
We conducted field data sampling on four occasions between
March 2015 and March 2016 (March 2015, May 2015, November
2015, and March 2016). We measured basic in situ water quality
parameters (temperature, dissolved oxygen, pH, and electrical
conductivity) at each site on every sampling occasion using
the YSI model 556 MPS handheld multi-probe water quality
meter. Macroinvertebrate sampling was conducted using a kick
net according to the SASS5 protocol (Dickens and Graham,
2002). At each sampling event, macroinvertebrates were sampled
from three distinct biotopes: stones (stones-in and stones-out
of current), vegetation (marginal and aquatic), and sediment
(GSM—gravel, sand and mud). The stones-in-current (SIC) are
pebbles and cobbles (2–25 cm), and boulders (25 cm). Stone-out-
of-current (SOOC) included pebbles and cobbles, and boulders
in pools. Marginal vegetation includes vegetation growing on
fringes and edges of the rivers, while aquatic vegetation was
that mostly growing (may or may not be submerged) inside
river channel. Gravel was small stones usually less than 2 cm in
diameter, while sand and mud were smaller than 2 and 0.06 mm,
respectively. Unless otherwise stated, the described biotopes are
herein referred to as stone, vegetation and GSM.

The SASS5 sampling protocol requires collecting only one
sample per biotope group, but care was taken to ensure that all
the available biotopes were qualitatively sampled. We sampled
each biotope separately, scored them in the field according to the
SASS5 protocol, and subsequently preserved these in 80% ethanol
for better taxonomic resolution and taxa abundance counts in the
laboratory. Three samples were collected from each site during
every sampling event or season (i.e., one sample per biotope).
Three samples (i.e., one sample from each of the three biotopes)
were collected per site at every sampling event or season. Field
identification of macroinvertebrates was made to the family level,
using the identification guides produced by the Department of
Water and Sanitation (Gerber and Gabriel, 2002). The estimated
abundances of the identified macroinvertebrate families were
recorded on the SASS5 sheets. The SASS5 data interpretation
is based on the calculation of the SASS score (the sum of the
sensitivity weightings for taxa present at a site) and average score
per taxon (ASPT). The ASPT is the ratio of the SASS score and
the number of taxa (Dickens and Graham, 2002; Dallas, 2004b).

Data Analyses
All data analyses were based on the macroinvertebrate
data collected from SASS5. The mean scores of the

macroinvertebrate data were transformed to their square
roots before data analyses using PRIMER multivariate statistical
software version 6 (Clarke and Gorley, 2006) to reduce their
natural variability. Similarities between sites were examined
using analysis of similarities (ANOSIM), cluster analysis
and non-metric multidimensional scaling (MDS) based on
macroinvertebrate assemblage composition (Clarke, 1993;
Clarke and Warwick, 1994, 2001). Site classification analysis
based on more than two seasons is often recommended because
it allows for robustness, hence reducing the temporal variation
which could be evident in a one-season site classification
(Turak et al., 1999; Bailey et al., 2004; Dallas, 2004a;
Chaves et al., 2005).

We used the Bray-Curtis resemblance matrix to determine
the abundance contribution of each taxon to each of the
sites. We also used the similarity percentage (SIMPER) to
determine the distinguishing taxa that were responsible for the
similarity within groups of sites and the dissimilarity between
groups of sites (Clarke and Gorley, 2006). The classification
groups were ecoregions [eastern escarpment mountain (EEM),
northeastern upland (NEU), southeastern uplands (SEU),
northeastern coastal belt (NECB), Lebombo uplands (LU),
and lowveld (LOWV)], river morphology (lowland and
upland) and seasons (summer 2015, autumn 2015, spring
2015, and summer 2016). None of the sites in this study was
within the LU ecoregion. Differences in macroinvertebrate
compositions among the various classifications were tested
by One-way Analysis of Similarities (ANOSIM) using
Primer v6.

RESULTS

Macroinvertebrate Taxa Composition
and SASS5
The combined results of the four sampling seasons showed
that the macroinvertebrate communities clustered primarily
by the river type or geomorphology, with upland streams
being approximately 75.5% dissimilar from the lowland rivers
of KZN while within-group similarity of the upland sites
was 27.1% and the similarity within the lowland sites was
24.1% (Table 1). The SIMPER analysis showed that Baetidae
had the highest similarity percentage contributions for both
upland and lowland groupings at approximately 22.2 and
14.2%, respectively, while Tipulidae contributed the lowest
similarity percentage (1.1%) in the upland sites and Notonectidae
contributed the lowest similarity percentage (1.2%) in the
lowland sites. Atyidae contributed the highest dissimilarity
percentage (7.1%) between the upland and lowland sites, while
the Athericidae and Tipulidae both contributed the lowest
dissimilarity percentage (1.0%) (Table 1). For the ecoregions,
within-group similarities were 13.8% (LOWV), 27.9% (NEU),
28.7% (SEU), 29% (EEM), and 31.3% (NECB) (Table 2). The
cut off for low contributing taxa was 90% as calculated from
the Bray-Curtis resemblance matrix, which meant that taxa with
less than 10% contributions were excluded from the SIMPER
analysis. Taxa that contributed to within-group similarity were
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TABLE 1 | Dissimilarities in macroinvertebrate taxa between upland and lowland
rivers of KwaZulu-Natal, South Africa, from 2015 to 2016.

Upland
group

Lowland
group

Species Mean
abundance

Mean
abundance

Mean
diss

Diss/
SD

%
Contribution

Athericidae 0.50 0.42 0.76 0.57 1.00

Tipulidae 0.57 0.37 0.75 0.68 1.00

Hirudinea 0.61 0.15 0.76 0.43 1.01

Hydrophilidae 0.58 0.17 0.77 0.46 1.03

Tabanidae 0.47 0.63 0.88 0.74 1.16

Ancylidae 0.49 0.57 0.92 0.57 1.21

Belostomatidae 0.61 0.62 0.96 0.81 1.27

Dytiscidae 0.60 0.47 0.98 0.65 1.30

Aeshnidae 0.80 0.44 1.00 0.70 1.32

Physidae 0.56 0.54 1.07 0.45 1.42

Leptoceridae 0.74 0.84 1.15 0.87 1.53

Veliidae 0.89 0.51 1.15 0.75 1.53

Naucoridae 0.86 0.58 1.18 0.78 1.56

Psephenidae 0.58 1.01 1.18 0.77 1.57

Notonectidae 0.78 0.65 1.19 0.67 1.58

Libellulidae 0.82 0.77 1.3 0.73 1.72

Gyrinidae 0.93 0.66 1.36 0.71 1.80

Philopotamidae 0.51 1.19 1.37 0.60 1.81

Corbiculidae 0.97 0.98 1.45 0.69 1.92

Corixidae 1.27 0.30 1.54 0.45 2.04

Planorbidae 0.82 1.18 1.72 0.54 2.28

Potamonautidae 1.42 1.12 1.76 0.62 2.33

Chironomidae 1.59 1.08 1.79 0.92 2.37

Perlidae 0.93 1.48 1.83 0.43 2.42

Gomphidae 1.01 1.77 1.98 0.90 2.62

Heptagenidae 1.31 1.73 2.07 0.96 2.74

Caenidae 1.86 1.30 2.15 0.99 2.85

Coenagrionidae 1.53 1.88 2.21 0.93 2.92

Elmidae 1.49 1.91 2.20 0.93 2.92

Tricorythidae 2.00 1.07 2.37 0.73 3.14

Simuliidae 2.03 1.23 2.47 0.81 3.27

Oligochaeta 2.11 1.37 2.49 0.71 3.30

Leptophlebiidae 2.27 2.37 2.98 1.00 3.94

Hydropsychidae 2.89 2.12 3.27 1.02 4.33

Thiaridae 0.94 4.10 4.96 0.56 6.57

Baetidae 5.36 4.11 5.15 0.91 6.83

Atyidae 3.09 4.60 5.37 0.93 7.12

Mean dissimilarity = 75.50%. Diss, dissimilarity; SD, standard deviation.

relatively constant for both river types; the upland group had
24 taxa, while the lowland group had 23 taxa (Table 3). The
SASS indices clearly distinguished between sites, with the upland
sites different from the lowland sites (Figure 2). The ecoregions
also clearly separated from each other. Although there were
clear separations between sites and between ecoregions, there
were some similarities in taxa composition. The similarities
in taxa composition between the upland and lowland sites
could have been the reason for their mixed clusters at 40%
similarity (Figure 2).

TABLE 2 | Macroinvertebrate taxa contributing within-group similarities of different
river ecoregions of KwaZulu-Natal, South Africa, between 2015 and 2016.

Ecoregion SEU NECB EEM NEU LOWV

Within group similarity (%) 28.69 31.28 28.96 27.85 13.76

Number of distinguishing taxa 22 21 22 20 13

Aeshnidae ×

Ancylidae ×

Athericidae ×

Atyidae × × × × ×

Baetidae × × × × ×

Belostomatidae × ×

Caenidae × × × ×

Chironomidae × × × ×

Coenagrionidae × × × × ×

Corbiculidae × ×

Corixidae ×

Dytiscidae ×

Elmidae × × × × ×

Gomphidae × × × ×

Gyrinidae × ×

Heptageniidae × × × × ×

Hydropsychidae × × × × ×

Leptoceridae × ×

Leptophlebiidae × × × ×

Libellulidae × × ×

Naucoridae × × ×

Notonectidae × × × ×

Oligochaeta × × × × ×

Perlidae × × ×

Physidae ×

Planorbidae ×

Potamonatidae × × × ×

Psephenidae × ×

Simuliidae × × × ×

Tabanidae ×

Thiarida × ×

Tipulidae ×

Tricorythidae × ×

Veliidae × × ×

SEU, Southeastern uplands; NECB, northeastern coastal belt; EEM, eastern
escarpment mountain; NEU, northeastern uplands; LOWV, lowveld; ×, taxa
occurrence.

Longitudinal Gradients
Longitudinal gradients influenced the macroinvertebrate taxa
clusters, although in a mixed selection of both upland and
lowland KZN river groups (Figure 2, MDS: 2D-stress = 0.18).
At 40% similarity, five distinct clusters were formed (Figure 2),
MDS 2-D Stress = 0.18). Upland and lowland rivers were 75.5%
dissimilar, with several taxa differentiating the groups (Table 2).
Several sensitive taxa that are typical of headwater streams (e.g.,
Baetidae, Perlidae, Heptageniidae, Psephenidae, and Athericidae)
were among the distinguishing taxa. The best predictor variables
were SASS score and longitude according to the results of the
MDS and distance-based redundancy analysis (dbRDA) plot
(Figure 3), although the influence of other factors was significant
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TABLE 3 | Macroinvertebrate taxa contributing to within-group similarity in the
upland (27.13%) and lowland (24.05%) rivers of KwaZulu-Natal, South Africa,
between 2015 and 2016.

Species Upland Lowland

Aeshnidae ×

Atyidae × ×

Baetidae × ×

Belostomatidae ×

Caenidae × ×

Chironomidae × ×

Coenagrionidae × ×

Corixidae ×

Elmidae × ×

Gomphidae × ×

Heptagenidae × ×

Hydropsychidae × ×

Leptoceridae × ×

Leptophlebiidae × ×

Libellulidae × ×

Naucoridae ×

Notonectidae × ×

Oligochaeta × ×

Perlidae × ×

Philopotamidae ×

Planorbidae ×

Potamonautidae × ×

Psephenidae ×

Simuliidae ×

Thiaridae ×

Tipulidae ×

Tricorythidae × ×

Veliidae ×

×, taxa occurrence.

among the classification groups. The result of the dbRDA plot
showed that SASS scores influenced 59.1% of fitted and 15.1% of
the total variation in macroinvertebrate taxa composition, while
longitudes influenced 40.9% of fitted and 10.4% of total variation
(Figure 3). SASS score, number of taxa, ASPT, latitude, longitude,
and altitude, were good predictors, while biotopes were not.

Classification Strength
Macroinvertebrate taxa composition within all classification
groups of KZN rivers were not significantly different, as
indicated by the Global R-values (Table 4). Hence their reference
conditions can be used interchangeably in assessing the rivers
between the groups (Table 4). All the groups had significant
differences (p < 0.05) and could not be used as reference sites
in assessing the sites between the groups. This showed that
all the classification groups had higher within-class similarity
than between-class similarity. The ecoregion classification had
the largest Global R-value. The pairwise results suggested that
seven pairs of ecoregions were significantly similar, while the
three pairs were different (Table 4). Macroinvertebrate taxa
compositions were considered homogenous within classification
groups, but not between groups (Figure 3). The rating, based

on the Global R-values showed that ecoregions had the
highest classification strength, although they were relatively
too weak for between-group comparisons. The closer the
Global R is to 1, the more positive the result (Clarke, 1993;
Clarke and Warwick, 1994, 2001).

DISCUSSION

The expectation that there was no ecological class boundary
between sites of different ecoregions was rejected, because
of high dissimilarities obtained in the pairwise test results.
There is typically close interconnectivity in the establishment of
reference conditions and the establishment of ecological quality
class boundaries (Wallin et al., 2003). Identification of least
impacted or reference conditions is important in establishing
the ecological status of a river system. However, establishing
ecological status or class boundaries can only be possible with
the existence of reliable RCs (Economou, 2002; Chaves et al.,
2006). The inception phase of reference conditions selection is
crucial to ecological evaluations (Swetnam et al., 1999). Hence,
there is need for careful selection because the reference sites
will form the evaluation standards for evaluating other sites
(Barbour et al., 1996).

Site Selection and Validation
The identification and selection of undisturbed or minimally
disturbed lowland rivers were difficult, and the few included
in this study had the best applicable conditions. Sites with
incomplete datasets and unstable habitat conditions were
excluded from further analyses. Site validation is essential in the
determination of RCs because it provides the quantitative
measurements of both biotic and abiotic variables that
characterize a river system and helps to confirm or refine
the pre-selection criteria (Barbour et al., 1996; Chaves et al.,
2006). Thus, we adapted the method of Chaves et al. (2006)
for site validation, where the biological indices used for
validation were the riparian vegetation and macroinvertebrate
compositions (Table 5).

Many of the lowland rivers of KZN failed the selection
criteria, especially in the northern part as there were limited
macroinvertebrate biotopes, severe river channel modifications
and prevailing drought conditions. The established criteria for
the selection and validation of reference conditions for this study
involved the inclusion of a certain level of human disturbance
or exposure to anthropogenic disturbances (Barbour et al.,
1996; Economou, 2002; Bailey et al., 2004). This is because
biomonitoring professionals believe that only a few pristine
reference conditions still exist in the world (Stoddard, 2004).
It was suggested that the absence of a criterion could be as
problematic as selecting the wrong one (Chaves et al., 2006).

Analysis of Similarity
At the ecoregional scale examined in this study,
macroinvertebrate assemblages showed distinct separation,
as the percentage dissimilarities were high between ecoregions.
The lowest dissimilarity percentage occurred between the
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FIGURE 2 | Non-metric multidimensional scaling (MDS) ordination showing the classification of sites based on macroinvertebrate taxa collected in summer 2016 in
rivers of KwaZulu-Natal, South Africa. Sites were coded by group geomorphology (upland and lowland) and the shapes represent the ecoregions. SEU, south
eastern uplands; NECB, north eastern coastal belt; EEM, eastern escarpment mountains; NEU, north eastern uplands; LOWV, lowveld.

FIGURE 3 | Redundancy Analysis (RDA) of SASS indices, biotope availability and geographic location, using macroinvertebrate abundance in KwaZulu-Natal rivers
in summer 2016. Alt, altitude; Lat, latitude; Long, longitude; VEG, vegetation; ASPT, average score per taxon; SASS Score, South African Scoring System score;
Su16, summer 2016.
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TABLE 4 | Pairwise tests of the analysis of similarity (ANOSIM), indicating the
Global R, and Statistic R-values in the present study.

Classification Group n Global R Statistic R Significance
level

Geomorphology Upland, lowland 24 0.061 – 0.115

Seasons Su15, Au15 – 0.052 0.020 0.102

Su15, Sp15 – – 0.034 0.034

Su15, Su16 – – 0.059 0.010

Au15, Sp15 – – 0.065 0.002

Au15, Su16 – – 0.075 0.004

Sp15, Su16 – – 0.066 0.005

Ecoregion SEU, NECB 11 0.087 0.050 0.054

SEU, EEM 12 – 0.031 0.056

SEU, NEU 11 – 0.050 0.053

SEU, LOWV 8 – 0.268 0.038

NECB, EEM 11 – 0.115 0.003

NECB, NEU 10 – 0.069 0.012

NECB, LOWV 7 – 0.236 0.036

EEM, NEU 11 – 0.034 0.102

EEM, LOWV 7 – 0.321 0.014

NEU, LOWV 7 – 0.101 0.167

All tests with P < 0.05 were significantly similar. The number of sites (n) in each
classification group is given wherever possible.

eastern escarpment mountain (EEM) and northeastern upland
(NEU) (Dissimilarity = 69.6%, 36 macroinvertebrate taxa),
with EEM comprising six upland sites and NEU comprising of
three upland and two lowland sites. The highest dissimilarity
percentage occurred between southeastern uplands (SEU)

and lowveld (LOWV) ecoregions (Dissimilarity = 81.8%,
35 macroinvertebrate taxa), with SEU comprising of three
upland and three lowland sites, and LOWV comprising of two
upland sites. Taxa richness between the ecoregions was similar,
although taxa compositions were slightly different. While the
five ecoregions had a high within-group similarities and taxa
richness, the low similarity percentage (13.8%) and taxa richness
(13) in the lowveld ecoregion could be a consequence of the low
number of sites (2) within the region.

While ecoregional classifications based on macroinvertebrate
assemblages are capable of partitioning variability in
macroinvertebrate assemblages, an amount of variation in
the spatial factors often remains within the classification classes
(Dallas, 2004a; Stoddard et al., 2006). These factors may be at
the level of river type or other aspects, such as width, depth,
substratum, biotope availability, hydrological-type, and canopy
cover (Dallas, 2004a; Hawkins et al., 2010). This study revealed
that some upland and lowland sites were similar within the
same ecoregion, though were partitioned by the longitudinal
gradients. Hence, supporting the suggestion of Dallas (2004b)
that, longitudinal partitioning may be incorporated into
bioassessment in South Africa by separating upland sites
from the lowland ones. Many studies have reported distinct
differentiations in biotic assemblages between montane and non-
montane regions (Tate and Heiny, 1995; Dallas, 2004a); also, that
topography and climate are good partitions of biotic variation
(Hawkins and Vinson, 2000). Our results showed that river
types or geomorphology (upland and lowland river types) have
distinct macroinvertebrate assemblages (75% variation), which
showed that the RCs of each river types were different in terms

TABLE 5 | Selection criteria for minimally disturbed KwaZulu-Natal river sites (adapted from Chaves et al., 2006).

Criteria Spatial scale Description References

1. Water quality Site Visual inspection of the water quality based on color, clarity, odor, and oil film Hughes, 1995; Barbour et al., 1996

2. Human
disturbance

Site Assessment of the presence of garbage, sewage pipes, industrial effluents
pipes, and livestock grazing

Hughes, 1995; Barbour et al., 1996; Hering et al., 2003;
Nijboer et al., 2004; Sánchez-Montoya et al., 2009

3. Flow
modification

Catchment Presence of dams higher than 20 m was considered to disturb the natural
flows of the sites irrespective of the distance to the sampling site

Hughes, 1995; Barbour et al., 1996; Muhar et al., 2000;
Ehlert et al., 2002; Hering et al., 2003; Nijboer et al.,
2004; Sánchez-Montoya et al., 2009

4. Natural
landscape

Catchment The level of natural use of the site’s drainage area; the degree of usage
should be as low as possible for the reference site: <10% of urban and
industrial use and <30% of agricultural use

Barbour et al., 1996; Hering et al., 2003;
Sánchez-Montoya et al., 2009

5. Natural
channel

Site Presence of bank and bed fixation, artificial channels, and small transversal
ditches

Hughes, 1995; Barbour et al., 1996; Ehlert et al., 2002;
Hering et al., 2003; Nijboer et al., 2004;
Sánchez-Montoya et al., 2009

6. Water
abstraction

Site Presence of hydropeaking, irrigation canals, and water withdrawal for
reservoirs, domestic water supply, etc.

Hughes, 1995; Muhar et al., 2000; Hering et al., 2003;
Nijboer et al., 2004; Sánchez-Montoya et al., 2009

7. Riparian
vegetation

Site Riparian vegetation cover; ideally should be in near-natural condition, most
river types should have total cover and presence of trees in the pristine
situation, however, temporary or very high-altitude streams can have
different cover levels.

Ehlert et al., 2002; Sánchez-Montoya et al., 2009

8. Riparian
zone
modification

Site Presence of recreational facilities, industries or other buildings, such as
warehouses, croplands, and tarred roads (spatial disturbances); it should be
covered with natural unmanaged vegetation

Hughes, 1995; Muhar et al., 2000; Hering et al., 2003;
Nijboer et al., 2004; Sánchez-Montoya et al., 2009

9. Instream
habitat quality

Site Presence of snags, roots, wood logs and dead overhanging vegetation;
substrates: boulders and stones in upper reaches, cobble and pebbles in
middle stretches and sand, clay, and lime in lower regions; also assess the
sediment retention level

Hughes, 1995; Barbour et al., 1996; Ehlert et al., 2002;
Hering et al., 2003; Nijboer et al., 2004;
Sánchez-Montoya et al., 2009
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of taxa composition. Our study showed macroinvertebrate taxa
composition within all classification groups of KZN rivers were
not significantly different, as indicated by the Global R-values.
This means that sites that fall within the same groups can be used
in the comparing of impaired sites in bioassessment. All groups
having significant between-group differences (p < 0.05) cannot
be used as reference sites in assessing each other.

Classification is a major step in bioassessment because it
partitions naturally occurring variation among sites and thus
allows to specify an ecologically meaningful standard against
which potentially impaired sites can be compared (Van Sickle
and Hughes, 2000). The ability to detect impairment is a direct
function of how well classifications partition natural variation
among sites (Hawkins et al., 2000a,b). Good classifications are
considered to be accurate and thus unbiased in bioassessment
(Ostermiller and Hawkins, 2004). Mean similarity dendrograms
convey classification strengths through conceptually simple
comparisons of within-class and between-class similarities,
which make it an attractive non-technical tool for evaluating
environmentally oriented land classifications (Van Sickle, 1997).

CONCLUSION

River biomonitoring practitioners have often identified potential
reference sites using various methods, although the protocols for
selecting these sites vary (Davies and Jackson, 2006; Stoddard
et al., 2006; Dallas, 2013). The advantage of the multivariate
approach for selecting reference sites is that it does not
make any prior assumption of the faunal compositions, but
it uses a weighting method to predict taxa assemblages or
composition, thus making it a useful method for selecting
RCs (Reynoldson et al., 1997; Legendre and Gauthier, 2014).
Cluster and ordination analyses, together with analyses of
classification strength of the different ecoregional and faunal
classifications suggested that macroinvertebrate assemblages
correlate to regional classifications; hence within-class similarity
exceeded between-class similarity (Dallas, 2004a).

Regional classification of sites, particularly of reference sites,
has a potential for the management of aquatic resources by
providing a framework for bioassessment (Omernik and Griffith,
1991; Dallas, 2004a). However, this only holds if the regional
classification reflects actual spatial differences in the ecosystem
component or components being managed (Dallas, 2004a,b).
Choice of classification system may sometimes depend on
the ease of assigning new sites to classes (Gerritsen et al.,
2000). Recently, site classification is often made by predictive
models that provide a link between environmental variables
and faunal assemblages (Wright, 1995; Smith et al., 1999;
Kleynhans and Louw, 2007; Thirion, 2007). Homogeneous
regions delineated along spatial lines provide for an easier
and more logical classification system than non-spatial ones
since the grouping of sites is determined by similarity or
homogeneity of the region within which the assessment is
conducted (Omernik and Griffith, 2014). Fauna classification of
sites requires large sets of internally consistent data, obtained
from carefully planned and spatially distributed sampling

efforts (Van Sickle and Hughes, 2000). SASS score effectively
differentiated the upland sites from the lowland sites. The results
obtained from the analyses of the SASS scores further showed
that macroinvertebrate quality values (sensitivity scores) are
important in the assessment and classification of RCs when using
macroinvertebrates as indicators of the ecosystem. Hence, a high
SASS score represents a good RC.

Our results revealed high levels of inconsistent
macroinvertebrate data in the lowland rivers of KZN, which
was mainly because of natural disturbances (e.g., drought) and
not pollution or water quality degradation. Most of the lowland
rivers within KZN failed the selection and validation process,
especially in the widely used national macroinvertebrate biotic
index (SASS5), riparian vegetation cover and biotope or substrate
availability. The implication of this is that these sites, especially
the small tributary streams, may not have effective RCs which
could be used in their assessment. Also, there is scarce or paucity
of data which could suffice for setting the RCs for these lowland
rivers, hence it is recommended that a type-specific RC should be
developed for them. This could be achieved by using multivariate
analysis and other appropriate statistical tools. However, the
selection and validation of RCs should be a continuous process
incorporating generation of hypotheses, rigorous data analyses
and modification of hypotheses (Gerritsen et al., 2000; Dallas,
2004a; Hawkins et al., 2010).
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