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Stream flow weirs disrupt river flow regimes, physical conditions, and biological
composition of rivers, posing significant threat to the river’s functionality,
integrity, and sustainability. Home to diverse aquatic organisms, there is a lack
of impact assessment of weirs on the stream of the Luvuvhu River Catchment
(LRC). The aim of this study was to examine the impact of six weirs on aquatic
macroinvertebrate assemblages and composition across five streams. A total of
six sampling surveys on macroinvertebrates and physico-chemical parameters
were conducted upstream and downstream of six weirs in 12 months between
June 2021 and June 2022. The South African Scoring System score (SASS score)
and Average Score per Taxon (ASPT) indices were used to compare organisms’
response between upstream and downstream of weirs. Generalized linear mixed
models (GLMM) were used to determine the effect of physico-chemical variables
on macroinvertebrate assemblage, while the CCA was employed to assess
similarities between downstream and upstream sampling points across various
sites. A total of 18,914 macroinvertebrate individuals were observed from 65
families during the survey. In upstream sections, the SASS score was driven by
habitat integrity, electrical conductivity, and water depth, while ASPT responded
significantly to habitat integrity, pH, dissolved oxygen and electrical conductivity.
In the downstream sections, the SASS score increased with an increasing habitat
integrity score and river width, while decreasing with elevation and pH levels.
ASPT increased with increasing habitat integrity and elevation in the downstream
sections, while decreasing with increasing river width and water temperature.
This study’s findings suggest habitat integrity is largely driving aquatic abundance
and assemblage in the LRC, and it is therefore important to maintain the
ecological integrity of rivers.
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1 Introduction

Streamflow is one of the predominant variables that drives the
ecological condition of flowing water ecosystems and thus the life
history characteristics of aquatic biota (Power et al., 1995; Poff and
Zimmerman, 2010; Schneider and Petrin, 2017). Natural flow regimes
are significant for rivers’ effective ecological functionality and
sustainability (Bunn and Arthington, 2002; Belmar et al., 2012;
Poff, 2018; Jumani et al., 2020; Carpenter-Bundhoo et al., 2023).
However, the need for social, economic development and human
demand for water resources have led to the transformation of many
rivers (Principe, 2010; Hough et al., 2019; Leitner et al., 2021).
Moreover, while both good water quality and ecosystem integrity
are important for macroinvertebrate communities and human
development, they have undergone modifications by humans (Hu
et al., 2022; Ramulifho et al., 2023). Many weirs and dams were
constructed in rivers with little or no cognisance of their ecological
consequences or risk of modification (Mueller et al., 2011; Fencl et al.,
2015; Winemiller et al., 2016). The construction of weirs changes the
river flow regimes and disrupts the physical conditions, posing as one
of the biggest threats to the river’s functionality, integrity,
sustainability (Im et al., 2011; Mueller et al., 2011; Carpenter-
Bundhoo et al., 2020), and connectivity (Grill et al., 2019; Casserly
et al., 2020). Weirs and other in-stream structural barriers disrupt the
natural continuity of a river, transforming it into a series of
disconnected segments (Brooks et al., 2018; Seliger and Zeiringer,
2018). This alteration hinders the movement of organisms and results
in the fragmentation of populations (Jager et al., 2001; Brooks et al.,
2018). Therefore, weirs are structures (solid, watertight, and capable of
withstanding flooding) on a river equipped and operated to provide
the flow data from which systematic records of water level discharge
or flow are extracted (Wessels and Rooseboom, 2009).

Aquatic macroinvertebrate organisms are very habitat
specialised insects and are known for susceptible responsiveness
to local-scale stressors mainly due to their soft life-history features
and limited mobility (Cheimonopoulou et al., 2011). However, a
mere reduction in flow velocity may eventually lead to either an
increase or decrease in macroinvertebrate abundance (Dewson et al.,
2007). This changes in hydrology and water quality causes
differences in aquatic macroinvertebrate assemblages between
upstream and downstream of dams or weirs (Chaves-Ulloa et al.,
2014; Gezie et al., 2023). This is why the differences in
macroinvertebrate assemblages have the potential to indicate
free-flowing and impounded stream conditions (Linares et al.,
2019), and their diversity can also mimic human impacts in river
ecosystems (Gezie et al., 2023). The impact of flow variation caused
by weirs on macroinvertebrate assemblages’ structure in rivers is not
only limited to sites directly in the vicinity of the dams and weirs, but
the effect could extend to some distance afar (Mueller et al., 2011;
Munasinghe et al., 2021).

In South Africa, the South African Scoring System version 5
(SASS5) has been used as a rapid bioassessment tool to investigate
water quality and the general state of riverine ecosystems, whereby
eachmacroinvertebrate taxon is allocated a sensitivity score according
to the water quality conditions it is feasible to tolerate (Chutter, 1998;
Dickens and Graham, 2002; Dallas, 2007; Dallas, 2021). SASS is an
effective rapid bioassessment method with the ability to detect water
quality impact, and over the past years, the method has proved to be

themost preferred general river health assessment tool in South Africa
(Chutter, 1998; Dickens and Graham, 2002; Dallas, 2021). Dallas
(2021) indicated that the SASS5method has also been transformed for
use in other African countries such as Zambia, Namibia, Tanzania,
Uganda, Rwanda, Okavango Delta in Botswana and Kenya using the
scoring system to assess water quality in rivers within their
jurisdiction areas.

In South Africa, most of the research concerning aquatic
macroinvertebrate species has primarily concentrated on large
dams, with limited attention given to the bio-ecological impacts
of weirs, streamflow gauging stations, and canals (Bredenhand and
Samways, 2009; Hughes and Mantel, 2010; Mantel et al., 2010;
Ramulifho et al., 2019; Janse van Vuuren and Swanepoel, 2023). The
weirs and dams in the rivers may affect the macroinvertebrate
assemblages and water quality (Gezie et al., 2023), and their
impacts vary across regions and taxonomic groups (Wang et al.,
2020). Little is known about the ecological impacts of weirs on river
flow modification and aquatic macroinvertebrate assemblages. This
is a case in point for the LRC, as there is a lack of studies that have
documented clear impacts of flow regime and habitat modification
on macroinvertebrate communities in rivers modified by the
presence of weirs. The anthropogenic activities in the LRC
caused severe changes in land use and cover and the landscapes
(Kundu et al., 2015) where the weirs occur. As river systems and
their associated aquatic biodiversity emerge as some of the most
threatened ecosystems (Cantonati et al., 2020), the impact of weirs
on macroinvertebrates in the Luvuvhu system remains unclear.

This study`s main aim was to examine the impact of river
modification by stream flow gauging weirs on macroinvertebrate
assemblages. This study also assessed if physico-chemical
parameters differ above and below the stream flow gauging weirs.

2 Materials and methods

2.1 Description of the study area and
sampling locations

The study was conducted at six weirs located within the LRC
which is approximately 5,941 km2 at 1,312 m above sea level
(Figure 1). The LRC is in the Vhembe District Municipality in the
Limpopo Province and falls within the Limpopo Water Management
area, in the north-eastern part of South Africa. The LRC hosts a
variety of aquatic and riparian ecosystems, supporting diverse fauna
and endemic plant species according to Brown (2014). The climate in
this catchment exhibits spatial and temporal variations, falling under
the classification of humid subtropical as indicated by Conradie
(2012). The mean annual rainfall is 608 mm, while topography
varies from 200 m to 1,500 m and greatly influences rainfall and
run-off distribution in the catchment (Odiyo et al., 2015).

The highest rainfall occurs in the upper reaches where the
Soutpansberg mountains are located, with little rainfall in the
lower reaches around the Kruger National Park. Land-use
activities in the LRC include forestry, agriculture, and
settlements. The Luvuvhu River and its tributaries which include
the Mutshundudi, Lutanandwa, Livhungwa andMutale rivers rise in
the Soutpansberg mountains (State of Rivers Report, 2001; Fouche,
2009; Nkuna and Odiyo, 2011). The catchment area and geographic
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FIGURE 1
Study area map showing selected weirs within the Luvuvhu River catchment, while inset shows the context of the study area within Limpopo
province, South Africa.

TABLE 1 The catchment area and geographic coordinates of the sampling sites of the six weirs in the Luvuvhu, Lutanandwa, Livhungwa, Mutale and
Mutshundudi rivers.

Site code Site name Stream section River X-axis Y-axis Elevation Stream order

LS1 Lutanandwa Upstream Lutanandwa −23.05171 30.235119 709 1

LS2 Lutanandwa Downstream Lutanandwa −23.05308 30.239999 706 1

BS1 Barotta Upstream Livhungwa −23.03518 30.277295 731 1

BS2 Barotta Downstream Livhungwa −23.03604 30.277555 733 1

MUS1 Mutale Upstream Mutale −22.771628 30.539262 588 1

MUS2 Mutale Downstream Mutale −22.770785 30.539335 593 1

MAS1 Matsika Upstream Mutshundudi −22.840955 30.665259 494 2

MAS2 Matsika Downstream Mutshundudi −22.853102 30.687493 474 2

XS1 Xikundu Upstream Luvuvhu −22.90024 30.696372 467 3

XS2 Xikundu Downstream Luvuvhu −22.807238 30.798722 437 3

MHS1 Mhinga Upstream Luvuvhu −22.776648 30.86724 426 3

MHS2 Mhinga Downstream Luvuvhu −22.7713 30.889937 419 3
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coordinates emanating from the twelve sampling locations are
shown in Table 1. The characterisation of six sampling weir’s
sites including information of their size, age and intended
construction purpose are shown in Table 2.

2.2 Sampling points and measurement of
physico-chemical parameters

This study considered weirs located across five rivers of this
catchment, namely. The Livhungwa, Lutanandwa, Mutale,
Mutshundudi, and Luvuvhu as primary sites. Sampling sites were
located from 100 m above and below each primary site (weir). The
sites in Lutanandwa, Barrota, and Mutale weirs exhibit near-natural
conditions characterized by intact vegetation cover and minimal to
no human impact. In contrast, the sites in Matsika, Mhinga, and
Xikundu weirs within the catchment lack extensive vegetated areas
along their banks. At each sampling site, a bi-monthly measurement
(coincided with macroinvertebrates sampling) of water temperature
(WT) (°C), dissolved oxygen (DO) (mg/L), pH, total dissolved solids
(TDS) (mg/L), and electrical conductivity (EC) (mS/m) was taken
using the YSI multiprobe meter in the upstream and downstream
sections of the weirs. The meter was calibrated each time before any
sampling event. Flow velocity (m.sˉ1) and water depth (cm) were
measured using a flow meter FP101 (Global Water), while river
width (m) and elevation (m) were measured using Google Earth. A
Secchi disk was used to measure water transparency by determining
the depth at which the disk becomes invisible as a function of clarity
or transparency of water in centimetres (Bowers et al., 2020). The
Integrated Habitat Assessment System (IHAS) which reflect the
quantity, quality, and diversity of biotopes available was measured in
this study using the total score of 100 points as developed and
detailed in McMillan (1998).

2.3 Macroinvertebrate sampling

Macroinvertebrates were collected at each sampling point from
the upstream and downstream of the weirs six times in 12 months
between June 2021 and June 2022 on a 2-month interval, with the
month of December 2021 excluded due to floods. Three main
biotopes, stones-in-current (SIC), marginal vegetation (MV), and

gravel/sand/mud (GSM) were targeted within a 200 m river stretch
from the weir. Kick sampling was performed for 2 min in SIC
biotopes, and for 1 min in GSM biotopes, while marginal vegetation
was sampled along 2 m of riverbank according to the protocol by
Dickens and Graham (2002). All sampling was performed moving
from downstream to upstream, using a standard SASS kick net
(30 cm × 30 cm wide x 50 cm deep with a 1 mm mesh). Once
collected, each sample was visually assessed in a 50 cm × 30 cm
white tray for up to 15 min. To obtain the SASS score and the ASPT,
the SASS data sheet was used to record taxa that were present and to
obtain their sensitivity scores. The collected macroinvertebrates
were identified to family levels in the field using the field guides
prescribed by Gerber and Gabriel (2002) and Fry (2021).

2.4 Data analysis

All statistical analyses were conducted using R statistical
software (R Development Core Team, 2023). The spatio-temporal
relationship between all physico-chemical parameters was measured
using Pearson correlation analyses. Macroinvertebrate composition
was analysed using the SASS score and ASPT as metrics of
measurement. Macroinvertebrates estimate abundance values
from the three biotopes at each site were pooled into single
monthly SASS score and ASPT data. However, physico-chemical
variables data were log-transformed to approximate normality prior
to analyses. Standardization of physico-chemical data was necessary
to reduce the influence of large differences and to normalize and
render data homoscedastic (Ramulifho et al., 2023).

In order to assess the effects of weirs on SASS scores and
ASPT at both the upstream and downstream sites, a generalized
linear mixed model (GLMM) with negative binomial regression
from the ‘lme4’ package and ‘glmer.nb’ function was used (Jamil
and ter Braak, 2013; Nakagawa and Schielzeth, 2013). The effects
of measured physico-chemical variables on SASS scores and
ASPT were compared between upstream and downstream
sites, based on a set number of 500 permutations in the data.
The GLMM is an extension of the generalized linear model
(GLM) in which the linear predictor contains random effects
in addition to the usual fixed effects (Venables and Ripley, 2002).
One full model of GLMM with all physico-chemical variables was
run. During the analyses, sites were used as a random factor to

TABLE 2 Date of construction commission, age, height, width, design type and primary purpose of the weirs in the Luvuvhu River catchment.

River Weir name Built Height (m) Width (m) Weir type Primary purpose

Lutanandwa Lutanandwa 2002 1.5 10 Horizontal compound crump
weir

Irrigation, flood control, and flow gauging

Livhungwa Barotta 1961 1.3 12 Sharp-crested weir Irrigation, flood control, and flow gauging

Mutshundudi Matsika 1995 1.20 35 Sharp-crested weir Irrigation, flood control, domestic supply, and flow
gauging

Mutale Mutale 1932 1.30 23 Sharp-crested weir Irrigation, domestic supply, flood control, and flow
gauging

Luvuvhu Xikundu 2007 6.0 80 Ogee spillway weir Irrigation, domestic supply, flood control, and flow
gauging

Luvuvhu Mhinga 1987 2.0 47 V-shape Crump weir Irrigation, domestic supply, flood control, and flow
gauging
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account for temporal pseudo-replication, while all physico-
chemical variables were included as fixed variables (Li et al.,
2018). Best fitting models were selected in a stepwise backward
manner according to their Akaike’s information criterion (AICs)
(Li et al., 2018). Marginal r2 (variation explained by fixed effects
only) and conditional r2 (variation explained by fixed and
random effects) were calculated for the best and second-best
models (Nakagawa and Schielzeth, 2013). The goodness-of-fit of
the models was assessed using the relations between the residuals
(the differences between observations and predictions by the
retained model) and physico-chemical variables.

An initial detrended correspondence analysis (DCA) was
employed on the macroinvertebrate dataset to assess the length of
the gradient. The DCA axis I exhibited a gradient length exceeding
3.74 standard deviation units for the entire dataset, justifying the use of
unimodal ordination canonical correspondence analysis (CCA) (Leps
and Smilauer, 2003). Then CCA was employed to assess similarities
between downstream and upstream sampling points across various
sites, focusing on macroinvertebrates metrics and physico-chemical
(Ter Braak and Verdonschot, 1995). CCA is commonly employed to
identify the key environmental factors influencing the composition of
the biological community at various sites. Data were log transformed
to meet assumptions for normality, homoscedasticity and to prevent
the undue influences of extreme values on the final CCA ordination.
Monte Carlo permutation test with 999 random permutations was
used in this CCA ordination. Measurements of macroinvertebrates
metrics and physico-chemical variables were treated as predictors of
similarities between sites during our analyses.

3 Results

3.1 Spatial-temporal variations of physico-
chemical parameters

The values of WT, DO, EC, pH, TDS, river width, river depth,
and velocity were averaged among the bi-monthly surveys at each
sampling point (Table 3).

Water depths in the downstream sections were generally
reduced when compared to the upstream sections, except for
sampling points XS2 and MHS2 (Table 3). The downstream
sections exhibited relatively higher values of pH, EC, and TDS,
while DO concentrations were comparatively higher in the upstream
sections. Moreover, the average river width in the downstream sites
witnessed an increase as opposed to the upstream sites, particularly
noticeable at BS2, MAS2, XS2, and MHS2. The flow velocity in the
downstream sites experienced a significant increase, attributed to
elevated water turbulence discharge, except for LS2 and BS2, which
demonstrated a notable reduction in velocity (Table 3).

More than half (51.5%) of physico-chemical variables correlations
were negatively correlated in the upstream sites (Table 4). The highest
negative correlations observed were between elevation and stream
width (r2 = −0.85), stream depth (r2 = −0.74), and stream order
(r2 = −0.74). Besides the best regression fit of r2 = 1 observed
between EC and TDS, the next highest positive correction was
between DO and IHAS (r2 = 0.81), Secchi depth and stream depth
(r2 = 0.81), stream velocity, and stream order (SO) (r2 = 0.79). Elevation,
TDS, and EC were variables with the most negative association

TABLE 3 Summary ofmean values and standard deviation (±) of physico-chemical parameters for all the selectedweirs in the LuvuvhuRiver during the study
period.

Variables LS1 LS2 BS1 BS2 MUS1 MUS2 MAS1 MAS2 XS1 XS2 MHS1 MHS2

WT (°C) 20.98 20.03 21.07 21.87 22.58 22.30 22.38 21.27 24.32 21.42 22.78 24.52

±2.04 ±2.91 ±3.13 ±3.34 ±2.49 ±2.51 ±3.55 ±4.22 ±4.70 ±2.66 ±3.54 ±3.83

DO (mg/L) 11.03 10.33 11.17 8.68 7.11 8.00 10.27 11.80 11.75 10.45 12.48 10.27

±0.78 ±1.68 ±0.81 ±1.18 ±1.29 ±1.30 ±0.22 ±0.75 ±0.79 ±0.99 ±0.27 ±0.90

EC (mS/m) 12.18 14.35 15.28 16.01 15.13 14.20 14.78 12.96 12.70 18.15 12.75 14.97

±2.06 ±1.66 ±0.29 ±1.43 ±3.23 ±3.07 ±3.10 ±3.46 ±0.38 ±1.15 ±1.12 ±2.35

pH 7.06 7.61 7.05 7.79 7.49 7.31 6.67 7.41 7.27 8.06 7.64 6.64

±0.58 ±0.45 ±0.02 ±0.20 ±0.18 ±0.13 ±0.40 ±0.53 ±0.27 ±0.25 ±0.49 ±0.39

TDS (mg/L) 80.39 94.71 100.84 105.66 99.86 93.72 97.54 85.54 83.82 119.79 84.15 98.80

±13.60 ±10.94 ±1.90 ±9.41 ±21.29 ±20.29 ±20.46 ±22.84 ±2.53 ±7.56 ±7.38 ±15.50

Width (m) 9.47 5.10 4.95 6.27 35.98 26.32 25.33 48.83 37.30 81.33 40.17 51.00

±1.80 ±1.40 ±0.85 ±1.96 ±4.92 ±5.60 ±2.13 ±5.64 ±4.83 ±2.29 ±5.70 ±6.00

Depth (cm) 34.67 21.50 18.00 15.17 47.83 39.17 58.00 54.00 51.67 80.17 52.50 67.67

±8.69 ±6.32 ±1.41 ±3.80 ±4.71 ±4.54 ±10.31 ±14.35 ±6.31 ±6.12 ±4.61 ±5.31

Secchi Depth (cm) 16.48 29.16 12 15.38 25.71 28.46 41.81 52.33 43.48 26.83 52.66 42.16

±5.87 ±13.30 ±3.93 ±2.92 ±7.31 ±3.57 ±12.82 ±11.41 ±2.14 ±2.73 ±1.49 ±2.79

Velocity (m/s) 1.41 1.24 1.25 0.93 0.89 1.73 1.27 1.43 2.10 3.32 2.29 3.84

±0.27 ±0.32 ±0.14 ±0.08 ±0.20 ±0.19 ±0.40 ±0.37 ±0.37 ±0.79 ±0.45 ±0.47
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compared to other physico-chemical variables at 72.7%. The most
unlikely relationship observed was between pH and stream depth (r2 =
0.02) and between pH and IHAS (r2 = 0.02).

On the downstream sites, more than 65% of physico-chemical
variables were positively correlated. The highest positive correlation
observed was between EC and TDS (r2 = 1), followed by a correlation
between stream width and stream depth (r2 = 0.95), and a correlation
between stream depth and Secchi depth (r2 = 0.91). The lowest negative
correlation was observed between stream depth and elevation
(r2 = −0.92) and between stream width and elevation (r2 = −0.91).
The most unlikely relationship observed was between pH and DO (r2 =
0.03) and betweenDOand IHAS (r2 = 0.04). IHASwas the variable with
the most negative association compared to other physico-chemical
variables at 90.9%, followed by elevation with 81.8% (Table 4).

3.2 Macroinvertebrate response to weirs

An estimated total of 9,870 macroinvertebrate individuals were
detected from 65 families during the 12-month survey at upstream sites.
Baetidae was the most abundant family with an estimated total of 901
(9.13% of total estimated individuals) and was found in all the six
upstream sites surveyed. Turbellaria, Oligoneuridae, Polymitarcidae,
Lestidae, Psychomyiidae, Blephariceridae, and Physidae had the lowest
number of individuals with only 1 specimen each. At downstream
sections, an estimated total of 9,044 macroinvertebrate individuals were
recorded. From the 60 families recorded, Baetidae also recorded the
highest number of specimens at 950 individuals which is 10.50% of the
total estimated individuals. Crambidae, Nepidae, and Psychomyiidae
recorded the lowest number of individuals with only 1 specimen each
(Supplementary Table S1).

In the upstream sections, the best model for the SASS score had
eight physico-chemical variables (Table 5) and an AIC value of
350.4, while the second-best model yielded four physico-chemical
variables and an AIC value of 355.2. For the best model, IHAS, EC

and water depth were the most significant physico-chemical
variables. Non-significant drivers of the SASS score included
amongst other stream order, Secchi depth, and elevation. SASS
scores increased with an increasing value of the IHAS score, while
decreasing with EC, water depth and Secchi depth (Figure 2). For
ASPT, the best model had an AIC value of 152.8 with four significant
physico-chemical variables in the five model variables (Table 5).
Significant variables included IHAS, pH, DO and EC, where the
ASPT score only declined with EC (Figure 2). River depth was the
only non-significant driver of ASPT. The second-best model of
seven variables had an AIC value of 156.7 with five significant
variables. Secchi depth and elevation were the two additional
variables in the second-best model, hence when compared to the
best model these were found not significant.

In the downstream sections, the best model for the SASS score
had an AIC value of 342.2 with four significant and two non-
significant variables (Table 6). SASS scores increased with an
increasing value of the IHAS score and river width while
decreasing with elevation of site and pH concentration at a site
(Figure 2). The most significant drivers of the SASS Score were
IHAS, elevation, river width and pH. The second-best model had an
AIC value of 343.6 with three significant variables in the eight
physico-chemical variables that made up the model. For ASPT, the
best model had an AIC value of 152.2 with all five physico-chemical
variables as significant drivers of the ASPT score (Table 6). The
ASPT increased with increasing IHAS and elevation while
decreasing with increasing river width and water temperature.
The second-best model of seven variables had an AIC value of
156.1 with only two significant variables (IHAS and elevation).

3.3 Similarities between sampling sites

The cumulative percentage of variation explained by axis one to
four of the correspondence analysis amounted to 72.92%, with the first

TABLE 4 The correlation coefficients (r2) between all physico-chemical variables measured using Pearson correlation analyses for upstream sites on the
upper triangle of the correlation matrix table (blue values), while the downstream sites is shown on the lower triangle of the correlation matrix (black
values).

IHAS WT DO EC pH TDS Width Depth Secchi Velocity SO Elevation

IHAS 1 −0.14 0.81 −0.28 −0.02 −0.28 −0.41 −0.42 −0.24 0.43 0.28 0.25

WT −0.18 1 −0.09 0.05 0.08 0.05 0.31 0.34 0.19 0.4 0.28 −0.27

DO 0.04 −0.06 1 −0.3 −0.06 −0.3 −0.12 −0.06 0.06 0.58 0.52 −0.17

EC −0.43 0.06 −0.17 1 −0.24 1 −0.17 −0.22 −0.06 −0.21 −0.34 0.18

pH −0.06 −0.27 0.03 0.25 1 −0.24 0.25 0.02 −0.2 0.19 0.33 −0.11

TDS −0.43 0.06 −0.17 1 0.25 1 −0.17 −0.22 −0.06 −0.21 −0.34 0.18

Width −0.41 0.15 0.4 0.26 0.11 0.26 1 0.72 0.37 0.38 0.65 −0.85

Depth −0.42 0.31 0.41 0.22 −0.05 0.22 0.95 1 0.81 0.33 0.34 −0.74

Secchi −0.3 0.39 0.42 0.08 −0.28 0.08 0.79 0.91 1 0.29 0.11 −0.57

Velocity −0.63 0.43 0.11 0.23 −0.28 0.23 0.72 0.81 0.76 1 0.79 −0.53

SO −0.82 0.21 0.21 0.39 −0.1 0.39 0.77 0.79 0.68 0.89 1 −0.74

Elevation 0.33 −0.2 −0.43 −0.12 0.2 −0.12 −0.91 −0.92 −0.89 −0.76 −0.74 1
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and second axes explaining 57.37% and 12.02%, while third and fourth
explained a combined 3.51% of total variation (Table 7). The Monte
Carlo permutation test revealed statistical significance for all canonical
axes (p < 0.05). Significant drivers of variation in structuring

macroinvertebrates families within and across sampling points at
both upstream and downstream included the water temperature,
pH, river width, river depth, secchi depth, velocity rate and elevation
(Figure 3). Some of themost abundance taxa in the Luvuvhu catchment

TABLE 5 Summary of models predicting drivers of observed changes for both SASS score and ASPT in the upstream sections of selected weirs in the LRC
(significance: *p < 0.05, **p < 0.01, and ***p < 0.001).

Physico-chemical variables Estimate Std. Error z value p-value

SASS Score IHAS 2.9150 0.7040 4.141 3.46 × 10−05 ***

EC 0.8590 0.3955 2.172 0.0299 *

pH 1.5861 0.8862 1.790 0.0735

River depth 0.7040 0.3234 2.177 0.0295 *

Secchi depth −0.4925 0.3206 −1.536 0.1245

Velocity rate 0.5497 0.2813 1.954 0.0507 *

Stream Order 0.9198 0.6215 1.480 0.1389

Elevation 1.1968 0.9099 1.315 0.1884

ASPT IHAS 0.9938 0.1391 7.144 9.10 × 10−13 ***

DO 0.6446 0.1781 3.619 0.000296 ***

EC 0.3886 0.1645 2.362 0.018169 *

pH 0.9352 0.2271 4.118 3.82e-05 ***

River depth 0.1206 0.1666 0.724 0.469132

FIGURE 2
Regression plots showing the relationship between significant physico-chemical variables and both SASS Score and ASPT at upstream (Rows 1 and 2)
and downstream sites (Rows 3 and 4).
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such as baetidae, Potamonautidae, Gomphidae, Caenidae,
Hydropsychidae and Veliidae were related to these variables
(Supplementary Table S1).

4 Discussions

4.1 Physico-chemical characteristics

We found that the upstream and downstream sections of the
weirs had contrasting and unpredictable concentration of physico-
chemical variables. In general, the results showed that in the

upstream sections the physico-chemical variables were widely
variable and therefore not largely associated, while in the
downstream sites, the presence of the weir increased the
similarity of most physico-chemical variables. The results of the
physico-chemical variables of the current study are unlike the
findings of Chaves-Ulloa et al. (2014) who reported high
variation and extreme values of physico-chemical parameters
downstream of the dam. This may be due to the size of weir and
landuse type and extent on the upstream catchment as pointed out
by Zaidel et al. (2021). Another reason may be that from a study by
Kamidis et al. (2021) who noted that changes in physico-chemical
variables vary with the volume of water flowing downstream of
dams. Additionally, it is reported that in most cases damming of
water is preventing the free passage of TDS to the downstream part
(Stein et al., 2002; Kondolf and Yi, 2022). In the case of this study, an
increase in physico-chemical parameters in the lower catchment due
to land use such as agriculture and increased human access to rivers
for various activities might have contributed to an increase in
nutrient concentration, variation, and elevated values mostly
measured downstream of the weirs.

High water temperatures at the upstream of Mutale, Matsika, and
Xikundu could be attributed to loss of riparian vegetation that opened
the canopy, resulting in direct heating from the sun as reported
elsewhere (Wang et al., 2016; Zaidel et al., 2021). The high DO at the
upstream sites of most of the weirs could be due to flow of water that
created conditions of turbulence and recirculation, favouring their re-
oxygenation at the water/air interface (Fernandes et al., 2014). The
lower DO at downstream sites might be due to the decomposition of
organic matter from soil and vegetation. The pH levels for all the sites
were all within the recommended South African aquatic system
pH ranges of 6–8 (DWAF, 1996). The higher EC values in the
downstream of Lutanandwa, Xikundu and Mhinga could be due to
increased loads of suspended substances from activities such as
erosion and agricultural runoff that are also reported elsewhere
(Adu and Oyeniyi, 2019), though the concentrations of EC at all
the sites were within the recommended South African aquatic system
for inland surface water (DWAF, 1996).

TABLE 6 Summary of models predicting drivers of observed changes for both SASS score and ASPT in the downstream sections of selected weirs in the LRC
(significance: *p < 0.05, **p < 0.01, and ***p < 0.001).

Physico-chemical variables Estimate Std. Error z-value p-value

SASS Score IHAS 3.4015 0.5305 6.412 1.44 × 10−10 ***

DO −0.5396 0.3723 −1.449 0.14725

EC 0.3583 0.2672 1.341 0.17988

pH 1.6379 0.7994 2.049 0.04045 *

River width −0.6201 0.1742 −3.560 0.00037 ***

Elevation −4.6184 1.0302 −4.483 7.36 × 10−06 ***

ASPT IHAS 0.71662 0.10613 6.752 1.45 × 10−11 ***

Water Temperature −0.29608 0.09649 −3.068 0.00215 **

EC 0.22803 0.10628 2.145 0.03191 *

River width −0.18494 0.08359 −2.213 0.02693 *

Elevation −0.64024 0.07842 −8.164 3.24 × 10−16 ***

TABLE 7 Correlation coefficients based on macroinvertebrates metrics and
physico-chemical variables and axes derived fromCCA. Values in boldwere
considered important in structuring the sites.

Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.620 0.094 0.029 0.009

Percentage 57.379 12.025 3.245 0.273

Cum. Percentage 57.379 69.404 72.649 72.922

CA variable scores

Axis 1 Axis 2 Axis 3 Axis 4

IHAS −0.137 −0.452 −0.370 0.034

Water Temperature 0.513 0.104 −0.414 −0.231

Conductivity −0.065 0.384 −0.140 −0.710

pH −0.502 −0.436 0.078 −0.017

River width 0.415 0.145 −0.105 0.425

River depth 0.627 0.050 −0.283 0.454

Secchi depth 0.755 0.113 −0.127 0.372

Velocity rate 0.427 0.407 −0.258 0.295

Elevation −0.625 −0.067 0.041 −0.301
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The results from this study further reflect the impacts of weirs on
physico-chemical variables and this causes variation within these
variables within and across sites. This study unravelled that most
sampling points in the downstream sections of weirs had a clear
trend for increased water temperature, pH, and EC. The Barotta,
Lutanandwa, Xikundu and Mhinga weirs showed higher DO
averages in the upstream than the downstream sections, whilst
the Mutale and Matsika weirs do so in the downstream sections.

4.2 Aquatic macroinvertebrate assemblages

In general, the presence of weirs in the LRC had altered
macroinvertebrate assemblages and abundance, while few sites
such as the Lutanandwa, Mutale and Barotta weirs somewhat
remained the same to a certain extent. These results indicate that
weirs in mountainous areas have somewhat depicted only a
moderate impact (low variation between upstream and
downstream) compared to the weirs in the middle and lower
reaches of the LRC. The similar behaviour of macroinvertebrate
assemblages of these three sites (Lutanandwa, Mutale and Barotta)
can be attributed to their less human activities and well vegetated
streams. Riparian vegetation plays a crucial role in providing organic
matter and structuring communities than other variables
(Klonowska-Olejnik and Skalski, 2014; Mellado-Diaz et al., 2019;
Gezie et al., 2023; Ramulifho et al., 2023), which might be the case in
this study. However, in terms of variation at lower reaches, a related
study by Bredenhand and Samways (2009) reported lower species
richness downstream of the dam when compared to upstream
section due to effect of the dam. These changes result in
alteration of macroinvertebrate assemblages and their related
functional services due to changes in stream flow rate,
temperature, and oxygen. Weirs and dams, while important for
human welfare cause ecologically cascading impact on biological
organisms and other ecological services.

Four out of the six weirs (i.e., Lutanandwa, Barotta, Mhinga and
Xikundu weirs) depicted high population of aquatic
macroinvertebrates in the upstream sections rather than

downstream sections. However, the Mutale and Matsika weirs
showed the downstream sections as better-suited habitats to
support a good population of aquatic macroinvertebrates despite
the modification by these structures. Atique et al. (2020) argue that
the alteration and disturbance activities in modified river systems
impact the composition, structure, and function of aquatic
macroinvertebrate communities, irrespective of their diversity and
function. In general, the presence of weirs in the LRC have impact on
macroinvertebrate assemblages and abundance in the downstream
sections compared to the upstream sections. A related study by
Krajenbrink et al. (2019) also reported that macroinvertebrate
communities at monitoring sites downstream of the reservoirs
differed from upstream sites in terms of abundance and
community structure and was attributed to changes in flow.

5 Conclusion

This study aimed to assess the impacts of weirs on
macroinvertebrate assemblages within the LRC by analysing
physico-chemical water quality parameters. On physico-chemical
water quality parameters, the findings revealed that the upstream
sections, physico-chemical variables exhibited considerable
variability and were not strongly correlated. Regarding
macroinvertebrate assemblages, however, in the downstream sites,
the presence of the weir enhanced the similarity of most physico-
chemical variables with notable variations in the abundance and
composition of macroinvertebrates between upstream and
downstream sites of the weirs in the Luvuvhu River.
Furthermore, assessments of SASS score, ASPT, IHAS, and
physico-chemical variables in both sections of the weirs
demonstrated significant differences. These variations are likely
attributed to the presence of weirs, resulting in habitat integrity
alterations, reduced flow velocity, and changes in turbidity levels.

Given the limited ecological information on weirs in the LRC,
there is a pressing need for increased investment in
macroinvertebrate assessment research, as these organisms serve
as valuable indicators of environmental degradation. The study

FIGURE 3
Result of CCA showing relationship between upstream and downstream sites based onmacroinvertebratesmetrics and physico-chemical variables.
Open circles (o) depict site scores, while crosses (+) are macroinvertebrate families’ scores based on symmetric scaling. Variation explained: Axis 1 =
57.37%; Axis 2 = 12.02%; Axis 3 = 3.24%; and Axis 4 = 0.27%.
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underscores the association between good biological and habitat
conditions, emphasizing the importance of maintaining high water
quality for enhanced macroinvertebrate assemblages and
composition. Consequently, regular bioassessment of rivers and
weirs in the LRC is crucial. It is therefore important to conduct
regular bioassessment of rivers and weirs in the LRC. This study
further highlights a need to improve, restore and preserve aquatic
habitat quality and river connectivity in the upstream and
downstream sections of weirs.
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