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ARTICLE INFO ABSTRACT

Keywords: Water diversion projects across the world, for drinking water, energy production and irrigation, have threatened
Himalayan headwaters riverine ecosystems and organisms inhabiting those systems. However, the impacts of such projects on aquatic
Rheophiles biodiversity in monsoon-dominated river ecosystems are little known, particularly in Nepal. This study examines
Irrigation

the effects of flow reduction due to water diversion projects on the macroinvertebrate communities in the rivers
of the Karnali and Mahakali basins in the Western Himalayas in Nepal. Macroinvertebrates were sampled during
post-monsoon (November), baseflow (February) and pre-monsoon (May) seasons during 2016 and 2017. Non-
metric Multidimensional Scaling (NMDS) was performed to visualize clustering of sites according to percentage
of water abstractions (extraction of water for various uses) and Redundancy Analysis (RDA) was used to explore
environmental variables that explained variation in macroinvertebrate community composition. A significant
pattern of macroinvertebrates across the water abstraction categories was only revealed for the baseflow season.
NMDS clustered sites into three clumps: “none to slight water abstraction (< 30% - Class 1)”, “moderate water
abstraction (> 30% to < 80% — Class 2)” and “heavy water abstraction (> 80% - Class 3)”. The study also
showed that water abstraction varied seasonally in the region (Wilk’s Lambda = 0.697, F(5, 2g) = 4.215,
P = 0.025, n? = 0.23). The RDA plot indicated that taxa such as Acentrella sp., Paragenetina sp., Hydropsyche sp.,
Glossosomatinae, Elmidae, Orthocladiinae and Dimesiinae were rheophilic i.e. positively correlated with water
velocity. Taxa like Torleya sp., Caenis sp., Cinygmina sp., Choroterpes sp., Limonidae and Ceratopogoniidae were
found in sites with high proportion of pool sections and relative high temperature induced by flow reduction
among the sites. Indicator taxonomic groups for Class 1, 2 and 3 water abstraction levels, measured through high
relative abundance values, were Trichoptera, Coleoptera, Odonata and Lepidoptera, respectively.
Macroinvertebrate abundance was found to be the more sensitive metric than taxonomic richness in the ab-
stracted sites. It is important to understand the relationship between flow alterations induced by water ab-
stractions and changes in macroinvertebrates composition in order to determine sustainable and sound man-
agement strategies for river ecosystems.

Micro-hydropower
Water diversions

1. Introduction

Freshwater ecosystems occupy < 0.1% of the Earth surface and yet
provide habitats to about 10% of known biodiversity (Balian et al.,
2008). In addition to being biodiversity hotspots, freshwater ecosys-
tems also supply water for drinking, as well as for industrial uses and
energy production. Today, humans have modified over three quarters
of global large rivers and nearly no free flowing rivers exist in devel-
oped nations (Dynesius and Nilsson, 1994; Grill et al. 2019; Nilsson
et al., 2005). River modifications alter flow regimes, causing a wide
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range of hydromorphological and ecological change (Caiola et al.,
2014; Papadaki et al., 2016; Poff and Zimmerman, 2010; Schneider and
Petrin, 2017). Alteration of stream flow characteristics due to water
diversion projects may affect the health of river ecosystems and in-
stream biotic communities, contributing to a loss of sensitive biota and
enhancement of tolerant biota, sediment transport, and changes in
nutrient availability and river beds (Bunn and Arthington, 2002; Poff
et al., 1997; Tonkin and Death, 2013; Ward and Stanford, 1983).

In Nepal, water resource development is still underdeveloped. Though
Nepal has nearly 42,000 MW of hydropower capacity, < 1000 MW has
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Fig. 1. Locations of sampling sites in headwaters of Mahakali and Karnali River basins. From left- right: SNP = Suklaphata National Park; KNP = Khaptad National
Park; RNP = Rara National Park; BNP = Bardia National Park; SPNP = Shey-phoksundo National Park; DHR = Dhorpatan Hunting Reserve.

been realized hitherto. Considering the potential of water resource de-
velopment to aid in social and economic development, Nepal has aimed to
generate about 25,000 MW of electricity by the end of 2030 (GoN/WECS,
2013) and many of these projects are planned in the Karnali and Mahakali
river basins of Western Himalaya. It seems likely that many tributaries and
sections of large rivers will be dammed in the next couple of decades,
which will alter river flows in downstream sections of dams and reservoirs.
Currently, the headwaters of Karnali and Mahakali basins are relatively
unaffected by large-scale development. However, water diversion projects
are prolific, mainly for irrigation, water mills and micro-hydropower
(Fig. 1). Water is tapped from the source causing downstream river sec-
tions to have little or no water, despite the “Irrigation policy of Nepal
(GoN/WECS, 2002)” mandating that the minimum water level required
for the conservation of aquatic organisms living in the river ecosystems
needs to be maintained. The ecological consequences of these water ab-
stractions, however, are poorly assessed. In river ecosystems, benthic
macroinvertebrates are considered one of the best bio-indicators for as-
sessing the impacts of wider ranges of water pollution, climate change and
flow alteration as they respond positively or negatively to these stressors
(Dewson et al., 2007a; Poff and Zimmerman, 2010). Biotic indices based
on benthic macroinvertebrates are common around the world (sensu
DePauw and Hawkes, 1993). The most common ecosystem changes as-
sociated with an observed negative response of these indicator species
include a decline in taxonomic richness, shift in relative abundance of
certain organisms and reduction in biomass production (Holt et al., 2014).
With hydrological changes, many of these aquatic insects have been found
to be less abundant in low flows (Lenat, 1993) as river flows exert physical
forces that influence water chemistry, nutrient cycle and habitat avail-
ability (Dewson et al., 2007b). As reliable bio-indicators, orders Ephe-
meroptera, Plecoptera and Trichoptera (EPT) are useful for ecological
assessment of rivers to understand impacts of development of water re-
sources (Holt et al., 2014). In this study, we assessed the ecological con-
sequences of water diversion projects (especially irrigation projects, water
mills and micro-hydropowers) on river health, by observing how indicator
species respond to the changes in flow regimes. We anticipated that the
increasing degree of water abstraction would result in reduced taxonomic

richness and abundance of indicator taxa. We tested this hypothesis by
looking at responses of macroinvertebrate assemblages in abstracted
stream reaches and compared them to that at natural (reference) sites.

2. Materials and method
2.1. Study area

The Mahakali and Karnali River basins are the least disturbed river
basins in Nepal. The headwaters are free from modern urbanization,
and although there is organic pollution and regular influx of sewage
into the rivers, the amount is minimal, thus offering a relatively con-
trolled environment to assess the effects of water diversion projects on
biotic communities.

The Mahakali River flows from the northern part of India and only
34% of the basin lies within Nepal. The Karnali basin has a catchment
area of 127,950sq. km of which 55% falls in Nepal (WSHP, 2007).
About 14% of the total basin is under protection as national parks (7%),
wildlife reserves and conservation areas. The Karnali River originates
from the southern part of the Tibetan Plateau and is one of the main
tributaries of the Ganges River system. At 507 km, the river is the
longest in Nepal. The entire western Nepal is also a rain-shadow area as
Western Nepal receives less than half the rain (1,000 mm annual rain-
fall) that Eastern Nepal does (2,500 mm annual rainfall) (GoN, 2008).
Therefore, the region is considered as an arid zone that lacks riparian
vegetation and canopy coverage in the rivers (Tachamo Shah’s field
survey 2016-2017). About 80% annual rainfall occurs in four months of
the year from June —September.

2.2. Sampling sites

A total of 33, 41 and 40 (excluded one dried river reach) river
reaches were sampled for post-monsoon (November), baseflow
(February) and pre-monsoon (May) seasons, respectively, in the head-
waters of Mahakali and Karnali River basins in 2016 and 2017 (Fig. 1).
The sampling sites were distributed in rivers of High-Mountain, Mid-
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Hills and Lowland eco-regions with road accessibility. All sites were
mostly free from direct industrial or sewage influxes and waste
dumping. Screening protocols (Hartmann et al., 2010) an effective tool
to assess impacts of organic pollution) consists of 4 components: Sen-
sory features (ordor, non natural color, foam and solid wastes); Ferro-
sulfide reduction; Algae and periphyton coverage; and richness and
abundance of benthic macroinvertebrates, were filled in at each site and
only River Quality Class (RQC) I and II (High and Good river quality
status, respectively) were selected for this study. Rivers with and
without water diversions were considered as disturbed and natural
(reference) sites, respectively. At disturbed sites, rivers were run-of-the-
river systems with weir height < 2m diverted for domestic, agri-
cultural, water-mill operation and micro-hydropower generation.
Physico-chemical parameters such as pH, water temperature, con-
ductivity, total dissolved solids (TDS) and dissolved oxygen saturation
(%) were measured by a HANNA multi-parameter probe on site.
Velocity was measured at 0.6 times of total water depth from water
surface by using Global Flow Probe (Xylem brand) at 1m interval
across the wetted river channel. Discharge was calculated from velocity
and cross-sectional area of wetted river channel. Proportion of flow
types such as %riffle, %run and %pool within sampling stream reach
was visually estimated before sampling benthic macroinvertebrates.

2.3. Benthic macroinvertebrates sampling and processing

At each selected site, about 50-100 m river reach was sampled for
benthic macroinvertebrates. A total of 10 sub-samples from different
substrates were collected at each site and combined to make one
composite sample (Tachamo Shah et al., 2015). The substrate coverage
was estimated at 10% intervals. Increase in specific substrate coverage
increased number of sub-samples from that particular habitat. Benthic
samples were collected by placing a hand-net of mesh size 500 um
against the flow of the river and disturbing the substrate for a minute to
dislodge macroinvertebrates attached to surfaces of boulder, cobble,
stone, gravel or sand (Barbour et al., 1999). The collected benthic
macroinvertebrates were preserved in a sample bottle containing 80%
ethanol for further laboratory analysis. Substrate type, depth and ve-
locity at the site were recorded for each sub-sample prior to benthic
sample collection. In the laboratory, benthic samples were sorted and
identified at genus (mainly Ephemeroptera, Plecoptera, Trichoptera,
Mollusca and Oligocheata except for Tubificidae), family (Coleoptera,
Heteroptera, Odonata, Diptera, Lepidoptera and Megaloptera) and
subfamily (Chironomidae and Psephenidae) levels using available keys
(Morse et al., 1994; Assess-HKH internal keys, 2006; Nesemann et al.,
2007; Nesemann et al., 2011). Identified samples were preserved in
vials containing 80% ethanol at the Aquatic Ecology Centre of Kath-
mandu University.

2.4. Statistical analyses

The crossed anova was carried out to check for the effects of seasons
and sites in taxonomic richness and abundance of benthic macro-
invertebrates. Package “car” (Fox and Weisberg, 2019) was installed to
perform the analysis.

Non-metric Multidimensional Scaling (NMDS) was used to group
the sites according to seasons. Another NMDS plot was developed to
examine the impact of water abstraction on composition of benthic
macroinvertebrates. Sgrenson’s distance measure was applied in the
ordination plot in R software. NMDS ordination is a robust ordination
technique for exploring similarities or dissimilarities in biological data
as it does not require any assumptions of multivariate normality and
yields good results even when large numbers of data sets have zero
values (Clarke, 1993). Benthic macroinvertebrates abundance were
transformed to log (x + 1) prior to NMDS analysis. The first NMDS was
performed on data representing three eco-regions — High Mountain,
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Mid-Hills and Lowland. The second NMDS was carried out excluding
lowland and dam sites. Rare taxon with <3 individuals were removed
prior to data transformation, reducing the taxa count from 174 to 139.
Permutational Multivariate Analysis of Variance (PERMANOVA) was
carried out with the Adonis function in R/vegan to test to check whe-
ther benthic macroinvertebrate assemblages differed significantly
among seasons, eco-regions and water abstraction classes. The Bray-
Curtis distance was used as distance measure in the community data.

A detrended correspondence analysis (DCA) was performed on
benthic macroinvertebrate abundance to determine whether the dis-
tributions of the datasets are linear or unimodal (ter Braak and
Smilauer, 2002). As the length of the first DCA axis (longest gradient)
did not exceed 3.0 SD in benthic macroinvertebrate data (2.34 SD), the
linear ordination method, redundancy analysis (RDA), was applied to
explore how much variance in the benthic data could be explained by
environmental variables, such as pH, conductivity, water temperature,
oxygen saturation (%), total dissolved solids (TDS), water depth, water
velocity, % riffle, % run and % pool. Prior to RDA, multicollinearity test
was conducted and “TDS” was removed due to high collinearity
(r > 0.70) in the final RDA plot. R “vegan” package was used in
multivariate analysis.

Indicator species (Ind Val) analysis is widely used in long-term en-
vironmental monitoring for habitat or species conservation. Indicator
species analysis seeks the relationship between species occurrence or
abundance values from a set of sampled sites and classification of sites,
which may represent habitat types or disturbance states. Indicator
species analysis requires two components, namely, the community data
matrix and the vectors that classify sites into groups (De Caceres, 2013).
It calculates relative frequency of species within group (Fidelity) and
concentration of abundance within particular groups (Exclusivity). The
Ind Val indicates the state of ecosystems by determining the effects of
environmental change on biotic community within the study area. The
Ind Val requires a package “labdsv” for running indval function in R
software. All the analyses were performed in R package (R Core Team,
2018).

A one-way analysis of variance (ANOVA) was conducted to evaluate
seasonal variation in the three water abstraction categories: none to
slight abstraction (< 30%), moderate abstraction (> 30— < 80%) and
heavy abstraction (> 80%) in sampling sites.

3. Results
3.1. Seasonal changes in macroinvertebrate community composition

A total of 112, 146, 119 taxa representing 68, 79 and 76 families of
macroinvertebrates were recorded for post-monsoon (November),
baseflow (February) and pre-monsoon (May) seasons, respectively.
Families belonging to orders/classes: Ephemeroptera, Plecoptera,
Trichoptera, Coleoptera, Diptera, Heteroptera, Odonata, Lepidoptera,
Megaloptera, Oligochaeta and Mollusca were recorded in all three
seasons while families representing Decapoda, Hirudinea, Hydrachnidia
and Turbellaria were additionally recorded only in baseflow and pre-
monsoon seasons. Overall taxonomic richness and abundances were not
different among seasons at natural sites, but some groups were sig-
nificantly different among seasons for abstracted sites.

The study revealed that Trichoptera was the dominant order fol-
lowed by Diptera (Fig. 2). A total of 5 functional feeding groups (FFGs)
were recorded in the study sites (Fig. 3a,b). Collector-gatherers and
shredders shared over 30% and < 5% of taxonomic richness, respec-
tively while predators and scrapers shared similar percentage (> 20%)
of taxonomic richness for the seasons (Fig. 3a). Collector-gatherers were
the most dominant taxonomic group and accounting for nearly 60% of
overall benthic macroinvertebrates abundance. Shredders made
up < 2% of overall benthic macroinvertebrates abundance across the
three seasons (Fig. 3b). Collector-filterers were found to be more stable
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Fig. 3b. Functional Feeding Groups (FFGs) relative abundance across sampling
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in terms of both richness and abundance (15-21%). No significant
difference in composition and richness of FFGs between natural and
abstracted sites were found for any of the seasons.

In the NMDS ordination for all sites, the distribution of sampling
sites reflected both seasonality and eco-regions (stress = 0.175; Fig. 4).
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Fig. 4. Distribution of sites in NMDS ordination plot revealing groups of sites
per seasons and eco-regions.

The sampling sites of the baseflow season (see Fig. 4) were located in
the upper portion of the ordination map, while the sites of the post-
monsoon and pre-monsoon seasons were located at the bottom of the
ordination map. Despite abstraction intensity, sites were clustered by
eco-region revealing similar community structure in sites of an eco-
region. PERMANOVA revealed that there were significant differences in
benthic macroinvertebrates assemblages across seasons (F = 15.059,
df = 2, p < 0.001) and eco-regions (F = 9.2149, df = 2, p < 0.001).
High mountain values are clumped to the left in the ordination map
while Mid-Hill symbols and Lowland sites spread in the middle and to
the right respectively in the ordination map, revealing spatial differ-
ences in benthic macroinvertebrate assemblages across the three eco-
regions. Abstractions of river water were difficult to record in Lowland
sites, and clustered with dam sites in Mid-Hill sites. Therefore, a second
NMDS plot was created only for sites of High-Mountain and Mid-Hills to
visualize clustering of sampling sites across different water abstraction
categories (Fig. 5). PERMANOVA indicated differences among 3 water
abstraction categories i.e., none to slight abstraction (< 30%), mod-
erate abstraction (> 30- < 80%) and heavy abstraction (> 80%)
(p = 0.047).
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3.2. RDA analysis

The first two axes, roughly associated with velocity and water
temperature, explain 66% of the taxonomic variance, with eigenvalue
of A1 = 0.050 and A2 = 0.028, respectively. Three RDA axes were
found highly significant (RDA1, F = 10.6279, df = 1, p = 0.001; RDA2,
F =6.7487, df = 1, p = 0.001, RDA3, F = 3.184, df = 1, p = 0.006).
The sum of canonical eigenvalues was 0.2326. The RDA biplot (Fig. 6)
illustrates the correlations of environmental variables and computed
axes. The highest R? of regression with the first two axes were water
velocity (32%) and temperature (18%), with velocity associated with
the second axis and temperature mostly with the first. A strong negative
correlation existed between the first axis and water temperature (r = -
0.50), while oxygen saturation (DO%) correlated positively (r = 0.27).
The second axis correlated strongly with velocity (r = —0.68), riffle
(r = —0.43) and water depth (r = —0.34).
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Fig. 6. RDA biplot of exploring environmental variables explaining variance in
benthic macroinvertebrate communities. Taxa abbreviations are TORE = Torleya sp.,
CAE = Caenis sp., CINYG = Cinygmina sp., CHORO = Choroterpes sp., CHOROPI-
DES = Choroterpides sp., PSEEHNOI = Psephenoidinae, CHET = Chematopsyche sp.,
GOMP = Gomphidae, CHIRO = Chironominae, RITHRO = Rithrogena sp., ORTHDII
= Orthocladiinae, ELMI = Elmidae, ACE = Acentrella sp., PARAG = Paragnetina sp.,
GLOSS = Glossosomatinae, HYDROPSCHE = Hydropsyche sp., SIMUL = Simullidae,
CINC = Cincticostella sp., BAETI = Baetiella sp., BRAC = Brachycentrus sp., INDO
= Indonemoura  sp., GOERA = Goera sp., LUMB = Lumbriciidae, EMPID
= Empididae, PSENINAE = Psepheninae (anticlockwise). Significant environmental
parameters are Temp = Temperature, Pool, Riffle and Velocity.
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3.3. Indicator species analysis

Indicator species analysis identified four indicators, namely, relative
Trichoptera abundance for “None to Slight water abstraction”, relative
Coleoptera and Odonata abundance for “Moderate water abstraction”
and relative Lepidoptera abundance for “Heavy water abstraction” for
all seasons (Fig. 7). For pre-monsoon season, relative Trichoptera and
total abundance were identified as indicator groups for “None to Slight
water abstraction” and Heavy water abstraction”, respectively from
their high relative abundances.

3.4. Seasonal variation in water abstractions

The results of the ANOVA indicated significant seasonal variations
in water abstractions (Wilk’s Lambda = 0.697, F, 25y = 4.215,
p = 0.025, n? = 0.23). Follow up comparison tests indicated that water
abstractions were significantly different during baseflow (p < 0.04)
and pre-monsoon season (p < 0.02) compared to post-monsoon
season, while no significant difference was observed between baseflow
and pre-monsoon seasons (p = 0.21).

4. Discussion

The present study suggests that temporal change in river discharge
accompanied by consistent water abstraction is a strong driver of
benthic macroinvertebrate assemblage structure, including trait com-
position. Significant variations in abundance of benthic macro-
invertebrates in sites across the seasons (R-squared = 0.1192,
Fs.06) = 3.734, p-value = 0.003) indicate that reduced stream flow
alters benthic macroinvertebrates composition. Reduction in flow re-
gimes affects macroinvertebrate abundance and composition due to
alterations in food availability, nutrient flow and dispersal mechanisms
(Dewson et al., 2007b, Kennedy and Turner, 2011). However, richness
was found less affected across seasons, between natural and abstracted
classes, or even among abstraction classes which might be due to re-
placement of lotic taxa by lentic taxa between early seasons (sensu
Bogan and Lytle, 2012). In this study, we found that some of the sen-
sitive trichopteran in baseflow and pre-monsoon seasons were replaced
by lentic taxa such as Depapoda, Hirudinea and Hydrachnidia. Our
results highly supports the general findings that increase water diver-
sions reduces river discharge in downstream river stretches affecting
biological community (Anderson et al., 2015, Castella et al., 1995,
Dewson et al., 2007b, Mclntosh et al.,, 2002,). The altered
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macroinvertebrate community composition in the reduced flows in the
regions is mainly dominated by sensitive taxa with tolerance scores
above 4 which contradicts community composition in urban river
reaches dominated by tolerant taxa of tolerance scores below 4
(Tachamo Shah and Shah, 2013). The river reaches in urban areas are
stressed not only by water diversions but also influenced by organic
pollutions and river bed mining. Water diversions that lead to river
channelization can even cause serious impacts on diversity and density
of aquatic organisms. A study conducted by Kennedy and Turner (2011)
found 50% lower of benthic macroinvertebrates in channelized reaches.

Although it was difficult to disentangle macroinvertebrates varia-
tion across the three water abstraction categories in the NMDS plot
(Fig. 5), distinct patterns of benthic macroinvertebrates across three
water abstraction categories could be visualized in the season-specific
NMDS plot for the baseflow season (F = 2.087, R%2=0.126, p = 0.008)
(Fig. 8a—c). At sites of intensive water abstraction, a prolonged dry
season can dry out downstream river segments making habitats un-
suitable for colonization by organisms. Existing organisms may escape
these habitats as well (e.g., Lytle et al., 2008) which was true in this
study for heavily abstracted sites in particular Chipke River (Fig. 9a, b).
Loss of longitudinal connectivity of river could influence long-term
abundance of macroinvertebrates downstream due to failure of drifts of
these organisms (sensu Brewin and Ormoerod, 1994b).

In general, EPT taxa are sensitive to flow alteration (Lenat, 1993)
and abundance of EPT increases in high stream flows (Holt et al., 2014).
Our results partly corroborate the findings of Holt et al. (2014) as
abundance of Trichoptera (T) was lower at sites of increased water
abstraction. Likewise, many of the EPT taxa were found positively as-
sociated with water velocity and riffles (Fig. 6). “Water Abstraction
(Moderate) — Class 2” samples had increased abundance of Coleoptera

and Odonata species indicating that river habitat alteration might have
favored colonization of tolerant species (occurring in warm water and
low flows) as opposed to more sensitive groups such as Trichoptera
[occurring in adequate flows that provide clean, cool and oxygenated
water (Brown et al., 1999, Timbol and Maciolek, 1978)]. Contrary to
results from Castella et al. (1995) who assessed impacts of water ab-
stractions for public water supply, energy production, fish farming and
irrigations, our results did not demonstrate strong patterns of changes
within many taxonomic groups. Sabater et al. (2018) have reported that
that reduced flow regime due to irrigational water abstraction and
channelization showed minor effects on river organisms, especially
benthic macroinvertebrates, compared to when the flow was altered by
dam operation but see Kennedy and Turner (2011). This is because
dams completely (storage) or partially (fish ladders or release gates)
block water flow, while irrigation water abstraction or channelization
are run-of-river models allow where water continues to flow down-
stream of the intervention.

Since this study was conducted in rivers that were mainly affected
by water diversions for irrigation, operations of micro-hydropower and
water mills, changes in water quality parameters were not much dis-
tinguished in this study i.e., maintaining water quality parameters well
above suitable to aquatic biodiversity. Reduced flows are known to
affect physical and chemical characteristics of refugial waterbodies. In
particular, the conductivity and diel temperature ranges usually in-
crease, and dissolved oxygen concentrations usually decrease as wa-
terbodies dry out (Boulton and Suter, 1986, Sheldon and Fellows,
2010). Increased water abstractions create unfavorable conditions for
rheophilic macroinvertebrates (Castella et al., 1995, Fenoglio et al.,
2007) such as the trichopterans. In abstracted sites, rheophiles are
normally replaced by lentic or tolerant species (Death et al., 2009; Boix

Fig. 9. a) Chipke downstream during dry-period of sampling. Since, it was dried during pre-monsoon season, benthic samples did not collect for the season and
collected only in post-monsoon and baseflow seasons and b) macroinvertebrates: Corydalidae belonging to Megaloptera found below the stone of recently dried river

reach.
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et al., 2010). Therefore, it is not surprising that abstracted sites in this
study are favored by non-rheophilic groups such as Coleoptera, Odo-
nata and Lepidoptera. We found many tolerant taxa such as Caenis sp.,
Chironominae, Cheumatopsyche sp., Choroterpis sp., Empididae, Lum-
bricidae etc. associated with high temperature, total dissolved solids
and pool sites (Fig. 7). Elevated water temperature could enhance pu-
pation frequency and emergence rate in macroinvertebrates
(Verdonschot et al., 2015, Wooster et al., 2016). Similarly, Sabater et al.
(2018) found a three-fold increase in downstream river metabolism as
indicated by increased gross primary productivity and respiration as a
response to accumulation of organic matter in low flow associated to
damming and water abstraction.

In headwaters, availability and quality of food resources to benthic
macroinvertebrates are depended on amount of allochthonous organic
matters inputs from river banks (Vannote et al., 1980). Shredders and
collector-gatherers make best foods out of the allochthonous inputs in
the headwater reaches. But weak connection between river channel and
riparian zone induced by low river discharges in the headwaters re-
sulted decline numbers of shredders and collector-gatherers. These
findings are corroborated with the results that hydrological modified
sites have low diversity of collector-gatherers and shredders compared
to natural sites (McKay and King, 2006; Dewson et al., 2007a). Changes
in feeding groups might be due to reduction in trichopteran individuals
in abstracted sites as they are sensitive to reduced flow regimes (McKay
and King, 2006). On contrary, increased scrapers during low-flow sea-
sons might be due to growth of algae which are enhanced with reduced
flow and increased water temperature. Though our study illustrated
small effects of water diversions on benthic macroinvertebrate com-
munity, the consequences of long term water diversion projects in river
networks could have severe effects in water stress regions like in wes-
tern Himalaya (sensu Boix et al., 2010; Boulton, 2003; Sabater et al.,
2018).

In our study, some of the sampling sites, for example, Chipke River
in the Karnali River basin and Ghatte River in the Mahakali River basin,
were found dry during the pre-monsoon sampling season due to same
quantity of water abstractions as in other seasons though there is
naturally less flow in the season. Dewatering of stream reaches inhibits
drifting of larvae downstream and upstream migration of juveniles of
species (Brasher, 2003; Brewin and Ormerod, 1994a). The most im-
portant finding from this study was that macroinvertebrates richness
did not significantly change even at > 80% of water abstraction. Si-
milar results were recorded in an experimental flow-diversion study in
New Zealand where a reduction in discharge by up to 90% caused re-
latively few effects on macroinvertebrate abundance and composition
(James and Suren, 2009). With reduction in flow regimes, habitat and
volume contract that in turn increases abundance and richness of
macroinvertebrates and fishes in the short-term (Acuna et al., 2005;
Stubbington et al., 2011).

Our study emphasized some of the effects of water diversion on
headwaters of Western Himalaya, such as reduced abundance of rheo-
philes (Trichoptera taxa) and increased frequency and abundance of
non-rheophilic taxa of Coleoptera, Odonata and Lepidoptera in dis-
turbed sites. Our study provides evidence of abstraction effects on the
phenology of sensitive species of macroinvertebrates which are the
primary consumers, detritivores and prey in aquatic ecosystems.

In summary, the impact of water diversions in headwaters had little
impact on benthic macroinvertebrates assemblages and river health in
the Western Himalayas in Nepal. Water abstraction < 80% of the driest
period (baseflow) of the year did not seem to influence benthic mac-
roinvertebrates diversity and abundances in headwaters of the
Himalaya under least hydro-morphological changes and pollution
status in the rivers. It can be speculated that environmental flow atleast
of 20% of river discharge for baseflow season should have minimum
consequences on the benthic macroinvertebrate community composi-
tion in the headwaters of Western Himalaya. However, reduction in
flow discharge in rivers coupled with increased water temperature and

Ecological Indicators 108 (2020) 105735

pollution due to waste discharge from the settlement into rivers and
extraction of river beds is likely to impact benthic macroinvertebrate
community and hence affect river health. This study demonstrates that
run-of-river water diversions have little impact on river health and
macroinvertebrate community composition in River Quality Classes
(RQQC) I and II (i.e., High and Good river quality status, respectively).
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