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ABSTRACT

‘Run of the river’ (ROR) hydropower schemes have undergone a recent resurgence in Europe, and with legislation requiring the protection
and enhancement of the physical and ecological condition of European rivers, there is a need to understand the impacts of these schemes. This
paper presents an assessment of the eco-hydraulic impact of a ROR hydropower scheme in the Peak District National Park, UK. Due to the
ponded nature of the depleted stretch at the study site, this paper focuses on the characterization of the hydraulic impact of water abstraction
for a ROR scheme at the hydropower outlet and samples microhabitats of benthic macroinvertebrates within the hydraulically affected zones.
Measurement of hydraulic transects shows that the scheme’s operation notably alters river channel hydraulics at 60% of water depth, whilst
impacts are much less distinct in close proximity to the river bed. We identify eco-hydraulic relationships between benthic macroinvertebrate
communities and localized near-bed velocity and turbulence conditions, thus indicating the potential for water abstraction by ROR schemes
to impact lower trophic levels of riverine ecosystems. However, spatial patch-scale (10–100m2) meso-habitat comparisons of invertebrate
communities around the hydropower outlet showed only subtle differences, suggesting that in this case benthic communities are only min-
imally impacted by the ROR scheme. © 2015 The Authors. River Research and Applications published by John Wiley & Sons, Ltd.
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INTRODUCTION

Over recent decades, as demand for energy from renewable
resources has risen, there has been a dramatic increase in the
installation of low head ‘run of the river (ROR)’ hydro-
power schemes in both the UK and Europe (Paish, 2002;
Environment Agency, 2012). ROR schemes divert a propor-
tion of the river discharge down a secondary channel to a
turbine before returning it to the river further downstream.
Such schemes are often retrofitted to pre-existing modifica-
tions on rivers, such as weirs or historical mill diversions.
There is typically no water storage associated with ROR
schemes, and it is normally a requirement to maintain a
‘hands off’ flow, e.g. Q85–95 in the UK, in the natural river
channel to maintain ecological function (BHA, 2005), al-
though the scientific justification for this standard is limited.
As such, schemes can only operate when there is sufficient
discharge in the river to maintain required flows and power
the turbine. It is because of such measures that, despite min-
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imal physical evidence, ROR hydropower has been widely
accepted as an ‘environmentally friendly’ form of power
production, with the assumption that any impacts on the riv-
erine ecosystem are negligible (Paish, 2002; BHA, 2005).
However, recent eco-hydraulic studies have shown ecologi-
cal impacts from localized changes in velocity and turbulent
shear stress (e.g. Gibbins et al., 2010; Blanckaert et al.,
2013). Thus, there is clearly a need to understand and quan-
tify the hydraulic and ecological impacts of ROR hydro-
power. Within Europe, the requirement of the Water
Framework Directive (2000/60/EC) for the protection and
enhancement of the physical and ecological condition of riv-
ers adds further impetus for this.
The diversion of flow through a ROR scheme creates a

stretch of river, extending from the point of abstraction to re-
turn, that has depleted flows whilst the scheme is in opera-
tion, but a natural flow at other times (hereafter ‘depleted
stretch’). Thus, scheme operation alters the flow regime
and hydraulics of the depleted stretch, and at the point at
which the diverted flow re-enters the channel, which has po-
tential consequences for physical habitat (Poff et al., 1997;
Biggs et al., 2005), connectivity and, consequently, river
ecosystem function and biodiversity (Ward, 1989). The hy-
draulic and ecological impacts of such schemes are
by John Wiley & Sons, Ltd.
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ECO-HYDRAULIC IMPACTS FROM HYDROPOWER 203
commonly assessed through comparison of depleted
stretches to ‘control’ reaches (Kubecka et al., 1997;
Copeman, 1997) or predicted through hydrological model-
ling (Copeman, 1997; Lamouroux et al., 2015). Such stud-
ies have shown changes to hydraulic habitat; depleted
reaches have reduced proportions of lotic habitat (Kubecka
et al., 1997; Ovidio et al., 2008) and lower water velocity
in pools and riffles (Anderson et al., 2006), although overall
habitat heterogeneity is not compromised (Copeman, 1997).
However, despite the importance of hydraulics in shaping
riverine ecosystems, studies reporting detailed, spatialized
hydraulic measurements are very uncommon (Ovidio
et al., 2008, Lamouroux et al., 2015).
Ecological studies on ROR hydropower have largely in-

vestigated impacts on fish, e.g. Kubecka et al. (1997) and
Ovidio et al. (2008). However, the hydraulic impact of
ROR schemes may have consequences at lower trophic
levels, for example affecting benthic macroinvertebrates
which have important roles in organic matter processing
and are a vital food source for fish, riparian insects, birds
and mammals (Castella et al., 1995; Covich et al., 1999).
Many invertebrate taxa are known to be sensitive to near-
bed hydraulic conditions; velocity and turbulence parame-
ters influence critical processes such as food acquisition,
movement (drift) between habitat patches, substratum con-
dition and predator evasion (Hart and Finelli, 1999; Jowett,
2003), whilst also causing entrainment or dislodgement
(Hart and Finelli, 1999) and, sometimes, physical damage
to taxa (Growns and Davis, 1994). Thus, many invertebrate
taxa express streamwise (longitudinal) velocity preferences
(Extence et al., 1999) and are known to be vulnerable to hy-
draulic changes associated with water abstraction, particu-
larly taxa requiring high velocity habitats (Degani et al.,
1993), or which have restricted feeding (and thus habitat) re-
quirements, e.g. filter feeding, net spinning Trichoptera
(Jowett, 2000). Invertebrate distributions can also be af-
fected by shear stress (Gibbins et al., 2010) and turbulence
(Blanckaert et al., 2013), although this is not always the case
(Robson et al., 1999), indicating that the response may vary
among rivers (Jowett, 2000).
The few existing studies of invertebrate responses to

ROR schemes compare invertebrate communities between
depleted and control reaches. These show variable re-
sponses: Jesus et al. (2004) observed a notable reduction
of Ephemeroptera, Plecoptera and Trichoptera (‘EPT’)
taxa, Copeman (1997) found a reduction of Ephemeroptera
species, whilst Kubecka et al. (1997) found no measureable
impact. In the absence of baseline data (i.e. enabling before-
after comparison), attributing any impacts directly to the
scheme is challenging, particularly in heavily modified
water bodies where multiple anthropogenic stressors
(e.g. physical modification and water pollution) may influ-
ence the riverine environment (Anderson et al., 2014).
© 2015 The Authors. River Research and Applications published by John Wiley
Improving our understanding of the potential impacts of
ROR hydropower will clearly require a range of approaches.
One of these, which has not yet been utilized, is to use a
fine-scaled, interdisciplinary approach, focused on the de-
tailed in situ characterization of both hydraulic modification
and biotic pattern, within an individual ROR scheme. This
paper takes such an approach, presenting an assessment of
the localized eco-hydraulic impact of a ROR scheme in the
Peak District National Park, UK, using benthic macroinver-
tebrates as ecological indicators. Specifically, our objectives
are as follows: (1) quantify the local hydraulic impacts of a
ROR scheme on the river channel; (2) investigate the eco-
hydraulic relationships between benthic macroinvertebrates
and hydraulic conditions; and (3) draw conclusions regard-
ing the potential scale of eco-hydraulic impacts of ROR
schemes on benthic macroinvertebrates.
MATERIALS AND METHODS

Study site

The village of Alport is located in the south eastern part of
the Peak District National Park, Derbyshire, UK (Figure 1).
The hydropower scheme, installed in 2008, was retrofitted
to a disused mill on the River Lathkill (Qmean
1.17m3 s�1, Paish and Needle, 2008). The scheme makes
use of a pre-existing natural tufa weir, heightened to 3m,
to divert a maximum discharge of 1.05m3 s�1 to a 30 kW
Crossflow turbine whilst ensuring that a minimum residual
flow of 0.12m3 s�1 (Q95) is maintained in the depleted
stretch whenever the scheme is operational (Paish and Nee-
dle, 2008). Flow duration statistics, which define the
scheme operation, are based on data from a flow gauging
station 2 km downstream, which has been operational since
1998 (Paish and Needle, 2008).
In this case, the depleted stretch is characterized by a se-

ries of small weirs (ranging from 0.5 to 1.0m), creating a
succession of small weir ponds. Although the habitat in
these ponds may be affected by the change in discharge, it
was considered that the scheme’s operation has the most sig-
nificant hydraulic impact immediately downstream of the
hydropower outlet, where water from the hydropower
scheme meets the depleted stretch, forming a confluence.
The study therefore focused on the hydraulic and ecological
characterization of this confluence zone. This paper assesses
the impact of the scheme’s operation by presenting profiles
of temporally averaged velocity and turbulence statistics of
the channel at the hydropower outlet when the scheme was
running, and not running, recorded under similar river dis-
charge conditions. In addition, benthic invertebrate commu-
nity composition is examined at several locations within the
study area, and the relationship between these samples and
& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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Figure 1. Location maps of (A) the Peak District National Park, (B) the study site, Alport, and (C) a schematic of the hydropower scheme
highlighting the study area.
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near-bed velocity measurements taken at the sampling loca-
tions are examined.
Hydraulic characterization of the hydropower scheme

Hydraulic characterization of the site was conducted via di-
rect velocity measurements obtained using a 3D Nortek
Vectrino, downward facing, acoustic Doppler velocimeter
(ADV). The ADV probe was attached to an adjustable sur-
veying tripod, allowing the probe to be stably positioned at
any point in the river. The probe was capable of taking si-
multaneous measurements of three orthogonal velocity com-
ponents at a frequency of 25Hz at a given point, providing
data for temporally averaged velocity as well as standard
turbulent statistics. A convergence test was conducted to
determine that reliable mean velocity values and a good
representation of turbulence could be obtained by measure-
ments at each point. Individual measurements consisted of
100–300 s sampling period, the time being dependent on
the hydraulic complexity of the sampling location. Raw
ADV data were processed in WinADV 32 (Wahl, 2000),
applying the phase space threshold despiking filter (Goring
and Nikora, 2002) and minimum value filters for correlation
(60) and SNR (15) parameters.
In order to assess the hydraulic impact of the scheme’s

operation, transverse profiles of velocity were obtained at
© 2015 The Authors. River Research and Applications published by John Wiley
60% of water depth, at ~0.5m intervals along transects
located 5 and 15m downstream of the confluence apex
(Figure 2). After processing, these measurements were used
to calculate temporally averaged streamwise velocity and
Turbulent Kinetic Energy (Eqn 1), used in this case to indi-
cate the overall level of turbulence at each location.

TKE ¼ 0:5 u′2 þ v′2 þ w′2
� �

(1)

where TKE is turbulent kinetic energy (m2 s�2), u′ is the
fluctuation from the mean of the longitudinal velocity, v′
is the fluctuation from the mean transverse velocity, and
w′ is the fluctuation from the mean of the vertical velocity
(m s�1).
It was not possible to control the operation of the hydro-

power scheme to allow measurements of hydro on/off to
be made under identical flow conditions. However, it was
possible to obtain a series of comparable measurements un-
der moderate to high-flow conditions in autumn 2012 and
spring 2013. Measurements were taken on six different days
with a varying proportion of flow passing through the hy-
dropower scheme (Table I). For each ‘case’ discharge mea-
surements were made using a calibrated ValePort
Electromagnetic Current Meter and the 1-point velocity
cross-sectional area method detailed in British Standard
& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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Figure 2. An annotated photograph of the study area at Alport Mill (May 2013). Yellow lines indicate channel banks, red dashed boxes indi-
cate the three discrete invertebrate sampling areas, white lines indicate hydraulic transects. This figure is available in colour online at

wileyonlinelibrary.com/journal/rra
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BS EN ISO 748:2007 (British Standards, 2007). Because of the
relatively high river discharge conditions, themeasured impacts
are assumed to be near the minimum for the scheme, as hydrau-
lic changes during lower river discharges, when higher propor-
tions of the flow are diverted, are likely to be more notable.

Invertebrate sampling

The study area was split into three sampling areas distinctly
affected by the scheme’s operation (Figure 2): the hydro-
power (hydro) side, excavated when the scheme was
installed (quadrat 2.7 × 11.5m); the depleted side, which is
depleted when the scheme is in operation (6.5 × 11.5m);
and the ‘confluence area’, where the majority of the two wa-
ter bodies meet (4.4 × 11.5m) (topographical variation in the
channel partially separates the flows up and downstream).
Within each sampling area, six randomly located, 30 s

‘kick’ samples were collected (each sampling approximately
0.25m2 of streambed) in May 2012, using a 1mmmesh net.
This was a point when the scheme had been running most of
Table I. Discharge and abstraction scenarios for ADV transect sampling

Case Date of Sampling River discharge (m3 s�1) Flo

1 18/10/2012 1.56
2 05/10/2012 1.09
3 23/10/2012 1.09
4 05/04/2013 0.96
5 19/03/2013 1.06

© 2015 The Authors. River Research and Applications published by John Wiley
the time over the preceding winter and spring, resulting in
sustained exposure of the invertebrate community to any al-
tered hydrological conditions resulting from the operation of
the installation. Samples were preserved in 70% industrial
methylated spirits prior to sorting and identification to fam-
ily level (Wallace et al., 1990; Dobson et al., 2012). Taxa
were assigned to functional feeding groups (FFG) (Merritt
et al., 2002) and family richness; Shannon–Weiner Diver-
sity and %EPT (Ephemeroptera, Plecoptera, and Trichop-
tera) were calculated for each individual sample. Percent
EPT was analysed as these taxa are thought to be particu-
larly sensitive to disturbances in riverine ecosystems
(McKay and King, 2006).

Near bed hydraulic characterisation

Near bed velocity and turbulent shear stress have been found
to be relevant to benthic macroinvertebrates (Gibbins et al.,
2010; Blanckaert et al., 2013). In order to investigate the po-
tential eco-hydraulic impacts, additional near bed ADV
flow exceedance data taken from Paish and Needle [24]

w exceedance probability

Discharge through scheme

(m3 s�1) %

Q20 0 0
Q38 0.24 22
Q38 0.34 31
Q41 0.59 62
Q38 0.73 69

& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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measurements were obtained. At each invertebrate sampling
location measurements were taken at 5 and 6 cm above the
river bed (≈20% of the total flow depth, following Allen
and Castillo (2007) and Gibbins et al. (2010)). The velocity
and turbulence parameters were depth averaged to provide a
representation of hydraulic conditions at each sampling lo-
cation. It is recognized that macroinvertebrates may experi-
ence a wider proportion of the hydraulic boundary layer than
can be feasibly sampled; however, measurements were de-
signed to provide a representation of boundary layer condi-
tions suitable for subsequent analysis. Measurements were
undertaken on four occasions (‘hydrological scenarios’):
twice with the scheme off and twice with it on, with 85
and 55% of the discharge diverting through the scheme re-
spectively (Table II). Measurements were taken under mod-
erate flow conditions (Q50–Q77) to capture hydraulic
variability predominantly associated with the operation of
the scheme and were taken opportunistically over 16months
following the invertebrate samples.
The measurements are used to calculate temporally aver-

aged streamwise velocity (ū), TKE (Eqn 1) and turbulent
shear (Reynolds) stresses (Eqns 2 and 3).

τuv ¼ �ρu′v′ (2)

τuw ¼ �ρu′w′ (3)

where τuv and τuw are the horizontal and vertical Reynolds
stresses respectively (Nm�2), ρ is the density of water
(kgm�3). For subsequent patch scale analysis the hydraulic
parameters were spatially averaged within the three sam-
pling areas, to provide an overview of the conditions under
each of the four hydrological scenarios. For ordination anal-
ysis, averages of the hydraulic measurements over the four
hydrological scenarios were taken at each sampling location
and combined with the taxonomic data. Although these
point measurements cannot quantify the full range of hy-
draulic conditions experienced by the macro-invertebrates
(which may be situated at various points within the bound-
ary layer and be exposed to a wider range of conditions be-
cause of temporal fluctuations in flow), the averaging of
velocity and turbulence parameters under different
Table II. Discharge and abstraction scenarios for ADV invertebrate poin

Case Date of sampling River discharge (m3 s�1) Flo

6 14/03/2013 0.81
7 03/06/2012 0.52
8 09/08/2013 0.43
9 20/09/2013 0.36

© 2015 The Authors. River Research and Applications published by John Wiley
quantifiable flow and operational scenarios provides a repre-
sentation of the prevailing hydraulic conditions at each sam-
pling location such that a ordination analysis can be carried
out.
In addition to hydraulic measurements, four water quality

parameters were measured at the sampling locations using a
YSI Professional Plus multimeter: dissolved oxygen, total
dissolved solids, conductivity and pH. These were recorded
on four separate occasions, twice with the scheme on and
twice with it off. However, all showed negligible differences
between sampling locations and so were not included in
subsequent analyses.

Statistical analysis

For patch scale comparisons of taxonomic and hydraulic
data, normality of data was assessed using the Shapiro-Wilk
test. Data following non-normal distributions were 1/x trans-
formed to achieve normality. Statistical differences between
sampling areas were tested using one-way ANOVA with
Bonferoni corrected post-hoc pairwise comparisons.
Canonical Correspondence Analysis (CCA) was used to

investigate eco-hydraulic links between hydraulic parame-
ters and invertebrate community composition. Prior to ordi-
nation, taxonomic data were log10(x+1) transformed to
avoid over influence by highly abundant taxa. Rare taxa,
i.e. those occurring in only one sample (five taxa), were re-
moved to reduce noise (Bailey et al., 2004) and avoid result
biasing by rare species (Cao et al., 2001). The environmen-
tal covariates consisted of mean near-bed longitudinal
velocity, vertical and horizontal Reynolds stress and Turbu-
lent Kinetic Energy.
All statistical tests were performed in XL Stat 2013.
RESULTS

Hydraulic impact of the scheme

The results from transect 1, 5m downstream of the conflu-
ence apex, indicate that the operation of the hydropower
scheme noticeably alters the hydraulic characteristics of
the immediate area around the hydropower outlet. However,
t sampling Flow exceedance data taken from Paish and Needle [24]

w exceedance probability

Discharge through scheme

(m3 s�1) %

Q50 0.45 55
Q71 0.44 85
Q74 0 0
Q77 0 0

& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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ECO-HYDRAULIC IMPACTS FROM HYDROPOWER 207
results from transect 2, a further 10m downstream, suggest
that the magnitude of the impact is quickly reduced.
Results from transect 1 (Figure 3) suggest that when the

hydropower scheme is off, under high discharge conditions
(case 1), there is little variability in longitudinal velocity
across the channel. This trend changes when the hydro-
power scheme is operational; the velocity profile becomes
distinctly less uniform, with higher velocities on the hydro-
power (‘hydro’) side (0–2.7m from left bank) and lower
velocities on the depleted side (3.3–7.0m from left bank).
The extent to which this occurs appears dependent on the
degree of abstraction.
When the scheme is operational (cases 2–5), the tempo-

rally and spatially averaged velocity (<ū>) measured on
the hydro side is 0.20ms�1 higher than when the scheme
is off (case 1), despite the off case being under higher river
discharge conditions. Whilst the increase in <ū> between
low (≤31% of the total flow, cases 2–3) and high abstraction
(>60% of total flow diverted, cases 4–5) scenarios was
0.28ms�1 and higher velocities (>1.0ms�1) were found to
extend further across the channel under high abstraction. In
contrast, on the depleted side, the reduction in <ū> between
low and high abstraction scenarios was 0.18ms�1. The im-
pact of increased water abstraction had little impact on the ve-
locity between 3.5 and 5m from left bank, but velocities were
notably reduced (up to 0.6m s�1) by high abstraction regimes
between 5.5 and 7.0m from left bank. Such reductions result
in a lotic areas being transformed into lentic areas.
Figure 3. Transverse profiles of temporally averaged: (A) streamwise veloc
The legend shows % discharge diverting through the scheme on each oc

© 2015 The Authors. River Research and Applications published by John Wiley
Figure 3 also suggests the creation of a turbulent conflu-
ence between 1.7 and 3.9m from left bank when the scheme
is operational, as a result of water bodies of different speeds
(hydropower tail race and depleted stretch) merging. Peaks
in TKE were present in this area for all on scenarios, yet ab-
sent for the off scenario. Peak TKE was found to increase
with degree of abstraction. TKE is notably variable on the
depleted side under all study conditions because of the influ-
ence of complex bed topography (i.e. exposed bedrock), so
no clear trends could be identified.
Results from transect 2 (Figure 4) suggest that operation

of the hydropower scheme still impacts river channel hy-
draulics 15m downstream of the confluence apex. However,
the magnitude of the impact is reduced. In particular, Figure
4 highlights that the impact on the velocities of the hydro
side (0–4.0m from left bank) is less pronounced, although
there is a notable reduction in velocities between 0 and
1.5m from left bank and the formation of a secondary high
velocity area between 3.5 and 4.0m from left bank when the
scheme is operational (cases 2–5). Again, the extent of these
hydraulic impacts appears to increase with the proportion of
water abstracted by the scheme. Figure 4 further suggests
that increased levels of abstraction result in notable reduc-
tions in temporally and spatially averaged velocity and
TKE on the depleted side (4.4–6.4m from left bank). Under
high abstraction cases, temporally and spatially averaged ve-
locity and TKE are reduced by 0.11 and 1.1 ×10�4m2 s�2 re-
spectively, in comparison to low abstraction scenarios.
ity, (B) TKE, at transect 1 under a variety of abstraction conditions.
casion and numbering corresponds to the case numbers in Table I.
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Figure 4. Transverse profiles of temporally averaged: (A) streamwise velocity, (B) TKE, at transect 2 under a variety of abstraction conditions.
The legend shows % discharge diverting through the scheme on each occasion and numbering corresponds to the case numbers in Table I.
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Near bed hydraulics and patch scale macro invertebrates

Near-bed ADV point measurements at the invertebrate sam-
pling locations (Figure 5) indicate that the average near-bed
velocity and vertical Reynolds stress within the sample areas
decreases from confluence area to hydro side to depleted
side when the scheme is operational. However, there is con-
siderable variability within sampling areas for both parame-
ters. When the scheme is off, ADV measurements indicate
that the confluence area and depleted side are generally
more hydraulically comparable, although considerable vari-
ation remains within each sampling area. In contrast, there is
Figure 5. Bar plots showing the mean (±1 SE): (A) near-bed velocity and
on each of the four sampling days. The legend shows % discharge divertin

to the case number

© 2015 The Authors. River Research and Applications published by John Wiley
a noticeable reduction in both the variability and magnitude
of both parameters in the hydro side sampling area when the
scheme is off resulting in the area becoming noticeably
more lentic. Further to this, Figure 5 shows that under mod-
erate depletion (case 7), the average velocity and vertical
Reynolds stress experienced within the depleted sampling
area are comparable to the other sampling quadrats. How-
ever, the depleted sampling area average is notably reduced,
in comparison to the other areas, for both parameters under
high depletion (case 6). This is significant for Reynolds stress
(one-way ANOVA, F=4.19, d.f.t = 2.15, p=0.036) but only
marginally significant for velocity (one-way ANOVA,
B) vertical shear stress of the grouped invertebrate sampling points
g through the scheme on each occasion and numbering corresponds
s in Table II.

& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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ECO-HYDRAULIC IMPACTS FROM HYDROPOWER 209
F=3.67, d.f.t = 2.15, p=0.05), and there is still distinct within
sample area variability under high abstraction conditions.
Patch scale comparisons of the taxonomic data (Figure 6)

show average family richness (F=2.16, d.f. = 2.15,
p=0.15), Shannon–Weiner diversity (F=1.38, d.f. = 2.15,
p=0.28) and %EPT taxa (F=1.45, d.f. = 2.15, p=0.27), do
not differ significantly between sample areas (one-way
ANOVA). Functionality of the patch scale communities also
appears largely unaffected with little difference in the pro-
portion of the various FFG. There is a suggestion of a reduc-
tion in the average proportion of the FFG collector–filterers
(Merritt et al., 2002) in the depleted sampling area, although
this is not statistically significant (one-way ANOVA,
F=2.53, d.f. = 2.15, p=0.11). This is attributable to marked
reductions in Simuliidae abundance. In the hydro side and
confluence area quadrats, Simuliidae contribute ~11 and
12% of total abundance respectively, whilst in the depleted
sampling area this is reduced to 1.5%. However, when
Simuliidae are excluded, the depleted sampling area sup-
ports the highest average proportion of collector-filterers.
Eco-hydraulic relationships between macroinvertebrates
and near-bed hydraulics

The CCA analysis of the individual invertebrate samples
and hydraulic parameters (mean velocity, Reynolds stresses
and TKE averaged over the hydrological scenarios) is
shown in Figure 7. The first two axes of the CCA explained
67.98% of the total variance in the data set. Axis 1
accounted for 36.60% of the variance and was strongly
Figure 6. Bar plots showing the mean (of the six individual samples, ±1
Weiner diversity, (D) proportion contributed by each functional feeding gro

CF=collector–filterers, CF NS=collector–filterers excluding Simu

© 2015 The Authors. River Research and Applications published by John Wiley
associated with increasing TKE (regression coefficient:
1.370), decreasing vertical Reynolds stress (�0.924) and
near-bed velocity (�0.518). The second axis accounted for
31.38% of the variance and was strongly associated with
magnitude horizontal Reynolds stress (�1.271). These cor-
relations are consistent with expectations for hydraulic mea-
surements at a site featuring a confluence, where large-scale
turbulent structures and lateral momentum transfer are
driven by the horizontal influx of water from the secondary
channel travelling at a different velocity to the main stream
(Rhoads and Sukhodolov, 2008).
The separation of the samples based on the hydraulic pa-

rameters (Figure 7) shows some distinction between zones
along the second axis because of variation in horizontal
shear stress. The confluence samples showed the highest
negative values, indicative of high horizontal shear stress to-
wards the left bank, which would be expected from the tail-
race joining the channel from the right bank. However, there
is high variability within the sampling zones. This variabil-
ity is also evident along the first axis, which shows a strong
negative gradient between TKE and velocity and vertical
Reynolds stress. This gradient has the greatest influence on
invertebrate community composition and eco-hydraulic re-
lationships are evident. In particular, the trichopteran fami-
lies Limnephilidae, Rhyacophilidae and Philopotamidae
appeared to be strongly associated with samples from high
velocity habitats, as did the filter-feeding dipteran larvae
Simuliidae. In contrast, collector-gatherer families such as
Asellidae, Caenidae and Ephemeridae were associated with
samples from low velocity and higher TKE habitats, whilst
SE): (A) family richness, (B) proportion EPT taxa, (C) Shannon–
up (FFG) for each sampling quadrat, where CG=collector–gatherers,
liidae, Shred= shredders, Scrap= scrapers, Pred=predators.

& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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Figure 7. A triplot of the first two canonical axes from a CCA of the invertebrate community data explaining 67.98%of the variancewithin the data
set. Sample sites are represented by filled shapes; triangles (hydro), diamonds (depleted) and circles (confluence). Quantitative hydraulic covar-
iates are indicated by lines and invertebrate taxa by crosses with associated identification code (see appendix). Vb is near-bed velocity (m s�1),
VRS is the vertical shear stress (Nm�2), │HRS│ is the magnitude horizontal shear stress (Nm�2) and TKE is turbulent kinetic energy (m2 s�2).
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families including Stratiomyidae and Dytiscidae, were ab-
sent or in low abundance in samples from high velocity
and vertical and horizontal Reynolds stress areas. Most of
the samples from the depleted side of the channel
experienced lower velocity and vertical Reynolds stress
and supported higher numbers of taxa that are more tolerant
of low flow velocity habitats (e.g. Asellidae and
Polycentropodidae). In contrast, most samples from the
confluence area experienced higher velocity and Reynolds
stresses and supported taxa tolerant of these conditions,
e.g. Rhyacophilidae and Philopotamidae. Samples from the
hydropower side supported increased proportions of taxa with
less specific flow preferences, which may be a consequence
of the area alternating between a fairly lentic environment
when the scheme is off and strongly lotic one when it is on.
DISCUSSION

The results of the hydraulic study showed that operation of
the scheme in moderate-high river flow conditions caused
noticeable alterations to hydraulic conditions at 60% water
depth around the hydropower outlet. Five metres down-
stream of the confluence apex, increasing levels of abstrac-
tion resulted in more lentic conditions on the depleted side
of the channel, with notable decreases in streamwise veloc-
ity, whilst the hydro side exhibited marked increases.
Hydraulic impacts from the operation of the scheme were
also detected a further 10m downstream, although these
© 2015 The Authors. River Research and Applications published by John Wiley
were less pronounced on the hydro side because of the nat-
ural shift of the thalweg towards the left bank because of a
bedrock outcrop (Figure 2).
The subsequent eco-hydraulic investigation showed that

invertebrate community composition was related to varia-
tions in near-bed streamwise velocity, TKE and vertical
Reynolds stress. There was an ecological separation be-
tween sites with high TKE and high horizontal Reynolds
stress and those with high velocity and vertical Reynolds
stress, likely because of the unusual hydraulic nature of
the field site (i.e. the presence of a confluence). Thus, mac-
roinvertebrates within high TKE sites are likely to be influ-
enced by the effects associated with turbulence, rather than
velocity, such as fluxes of fine particulate organic matter
and dissolved gases (Bouckaert and Davis, 1998). The high
proportion of collector-gatherer and shredder feeders found
in the high TKE sites, which feed primarily on FPOM, sup-
ports this. These findings complement other studies, which
have shown the importance of turbulence in influencing
benthic invertebrate composition (Bouckaert and Davis,
1998; Gibbins et al., 2010; Blanckaert et al., 2013).
Whilst there was high variability between samples, im-

pacts from the hydropower scheme were evident. Two thirds
of samples from the depleted area were associated with low
velocity and vertical Reynolds stress. This may result from
operation of the hydropower scheme, because of increased
periods of reduced flow, causing decreased near-bed veloc-
ity and Reynolds stress, and favouring fine sediment and or-
ganic matter deposition. Invertebrate composition of these
& Sons, Ltd. River Res. Applic. 33: 202–213 (2017)
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samples showed high proportions of taxa, which prefer more
lentic environments, such as collector-gatherer and shredder
feeders (Extence et al., 1999; McKay and King, 2006).
These findings support Degani et al.’s (1993) suggestion
that it is the high-velocity favouring taxa which suffer most
as a result of water abstraction.
Despite the identified eco-hydraulic linkages and the no-

table hydraulic impacts associated with increasing water ab-
straction, results from the invertebrate samples suggest only
minor differences between the communities of the three dis-
crete sample areas when studied at the family level, despite
the depleted side quadrat experiencing considerable deple-
tion when the scheme operates. No significant differences
were observed in family richness, Shannon–Weiner diver-
sity or %EPT taxa between sample areas. The only notable
community differences were a reduction in abundance of
Simuliidae and increased abundance of Psychodidae and
Stratiomyidae in the depleted side sample area, though as
Simuliidae represent 86.3% of all filter-feeding taxa in the
study area, this may suggest a significant change in commu-
nity function. Whilst not significant, the higher proportion
of collector–gatherer and shredder feeders associated with
many of the depleted side samples also indicates that hydro-
power operation could impact community function.
There is, of course, some possibility that lack of clear dif-

ferences may be in part because of the family level resolu-
tion of the data, if there are in fact differences in species
composition within families between the sample sites. How-
ever, flow preferences are still evident at the family level
(Dolédec et al., 2007), and our observations during sample
processing suggest that most families we recorded are not
composed of many recognizably different taxa or that those
are distributed differently between sample areas.
Whilst these findings suggest that the depleted side com-

munity differences could result from depletion from the hy-
dropower scheme, we cannot entirely separate this effect
from other possible influences: the sample areas, whilst in
close proximity, may have supported different communities
prior to the installation of the scheme as a result of other en-
vironmental variation. For instance, the depleted side quad-
rat is predominantly tufa bedrock, whilst substrate in the
other sampling areas is a mixture of tufa, gravels and peb-
bles. The lack of more pronounced patch scale effects could
also be attributed to the large near-bed hydraulic variability
within the sample areas. Whilst the operation of the hydro-
power scheme had marked hydraulic impacts mid-way up
the water column, such impacts were much less uniform
near the bed, where hydraulics are of known importance to
benthic invertebrates (Hart and Finelli, 1999; Jowett,
2003). Under moderate depletion (55% reduction in de-
pleted stretch), the three sample areas remained comparable
in terms of mean near bed velocity and vertical Reynolds
stress. Under high abstraction (85% reduction), the average
© 2015 The Authors. River Research and Applications published by John Wiley
of both parameters was diminished in the depleted quadrat,
but there was still variability in both parameters within all
sample areas. This suggests that depletion may not have
any greater impact on near-bed hydraulics (and thus inverte-
brates) than other local influences, such as bed topography,
substrate size and aquatic vegetation (Biggs et al., 2005;
Jowett, 2003; Allan and Castillo, 2007).
In the case of this scheme, any impacts on channel hy-

draulics and the invertebrate community are likely to be lo-
calized to our study area, as existing weirs within the
depleted stretch create a continuously ponded habitat under
all conditions, in which invertebrates tolerant of low veloc-
ity and turbulence are likely to dominate. Had the depleted
stretch not been impounded, the operation of the hydro-
power scheme may have considerably reduced the amount
of habitat available within the stretch for invertebrates
favouring high-velocity and Reynolds stress conditions.
Thus, impacts from such schemes may differ in less modi-
fied, free-flowing systems.
In summary, our study highlights that the distinct impact

water abstraction for ROR schemes can have on mid-water-
column hydraulics of depleted areas. As our results only
capture the impact under moderate-high river flow condi-
tions and below-capacity abstraction regimes, the observed
hydraulic changes are likely to represent the minimum im-
pacts of the scheme. The study provides further evidence
to support the importance of near-bed hydraulic conditions
in helping structure benthic invertebrate communities, but
highlights that such conditions may be less affected by water
abstraction for ROR schemes than higher in the water col-
umn. Whilst we detect a relationship between invertebrates
and near-bed hydraulic conditions around the hydropower
installation, community differences between sample areas
were not significant. The depleted area supported increased
proportions of lentic taxa relative to other sampling areas,
but differences in community composition were only subtle,
supporting the findings of Copeman (1997) and Kubecka
et al. (1997). The marked reductions of EPT taxa noted by Je-
sus et al. (2004) were not observed, although their study
scheme had been in operation for over 10 years, in contrast
to 3years in our study system, meaning community response
to the impacts may be incomplete (Petts et al., 1994).
The observed hydraulic alterations caused by operation of

the ROR scheme do highlight the potential for such schemes
to affect fundamental riverine processes. In combination with
evidence of eco-hydraulic interactions between benthic in-
vertebrates and near-bed hydraulic conditions, such impacts
may have consequences for riverine biota, although these ef-
fects may be localized and moderated by other natural and
anthropogenic habitat influences. These impacts should be
considered in the design and assessment of ROR hydropower
schemes, although further research to isolate and assess the
relative importance of these impacts is required.
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APPENDIX
CCA CODES FOR INVERTEBRATE TAXA.

Invertebrate Code Macroinvertebrate Family Invertebrate Code Macroinvertebrate Family

Asel Asellidae Lepido Lepidostomatidae
Bae Baetidae Lepto Leptoceridae
Cae Caenidae Leuc Leuctridae
Cerat Ceratopogonidae Limne Limnephilidae
Chiro Chironomidae Lymna Lymnaeidae
DytiB Dytiscidae Nemo Nemouridae
Elm Elmidae Philo Philopotamidae
Emp Empididae Planor Planorbidae
Emphem Ephemeridae Poly Polycentropodidae
Epheml Ephemerellidae Psycho Psychomyiidae
Gam Gammaridae Psyd Psychodidae
Gyrin Gyrinidae Rhyaco Rhyacophilidae
Hydra Hydrachnidia Serico Sericostomatidae
Hydrbi Hydrobiidae Sim Simuliidae
Hydro Hydropsychidae Strat Stratiomyidae
Hydrpt Hydroptilidae Tip Limoniidae
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