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Evaluating the effectiveness of restoring longitudinal connectivity for fish migration and
dispersal in impacted river systems

Abstract

In this study, the impact of anthropogenic in-stream structures on migration and dispersal of a variety of
fish species was investigated. The effectiveness of attempted restoration of longitudinal connectivity in
fragmented stream and river systems, through implementation of various fish pass designs, both
technical and nature oriented, was evaluated for fish of varying age classes. The outcomes of this
research are of importance for river management schemes that aim to restore degraded freshwater
systems bound by legislation from the EU Water Framework Directive, which requires good
connectivity and habitat quality within freshwater systems.

Fish community composition in relation to effects of in-stream structures and habitat conditions
was investigated on three degraded stream networks, so that future opportunities for longitudinal
connectivity restoration could be identified. Differences in fish community composition above and
below common types of structures were determined, whereby species richness and density per species
showed greatest differences for flow manipulating culvert structures, especially pipe culverts.

Obstacle effects on fish dispersal and migration, and the effectiveness of connectivity restoration
- obstacle removal and design of various types of fish passes - on those same obstacles were evaluated
using a variety of approaches. These included capture-mark-recapture of different life stages of a weak
swimmer (European bullhead Cottus perifretum) and of a strong swimmer (brown trout Salmo trutta)
tagged with passive integrated transponder (PIT) and/or visible implant elastomer (VIE), displacement
studies of juvenile trout and radio telemetry of adult freshwater-resident and sea-going morphotypes of
brown trout. Longitudinal connectivity for fish was shown to have improved post-restoration,
exemplified by improved fish passage over the multiple structures in both directions, while permeability
of unrestored structures remained low.

The efficacy of a technical Larinier super active baffle fish pass, a widespread design in Europe,
was assessed for upstream-migrating adult river lamprey. Situated next to a common Crump weir, the
pass was designed to facilitate passage for a wide range of fish species. Over two migration seasons,
with a variety of flow levels occurring in both, the pass was tested for efficacy before and after
modification with studded tiles mounted on the inside wall. By using fixed PIT arrays, poor passage
through the fish pass by river lamprey was shown before modification, and improved marginally post-
modification. Acoustic telemetry identified direct passage over the weir to be two-fold higher than
through the modified fish pass.

In the context of the Water Framework Directive, there is a strong need to develop well-
grounded fish passage criteria, not only for fish species with strong swimming capacity, but for a wide
range of fish species and life stages. Ideally, all types of fishways should be critically assessed, in situ,
to allow river managers to make more informed decisions on restoring fragmented stream systems.
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completed, where applicable. All pictures were taken under baseflow conditions, except for S8 pre-
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upstream relocation by a blue arrow while a green arrow represents a barrier traverse in downstream
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bullhead (bh; right) for PIT and VIE tagged individuals, in 2013 and 2014 respectively, combined for
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Figure 3.11: Examples of connectivity restoration effects on barrier permeability k (+ 95% CI) for
brown trout PIT tagged (trout > 80 mm, blue), brown trout VIE tagged (trout 50 - 79 mm, red) and
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Figure 3.12: @) Mean daily discharge (m® s, continuous line) at gauging station (GS) on the lower
Browney and water temperature (°C, 15 min interval, dotted line) at S2 on the middle Deerness for the
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upon-dearne-eel-pass); middle: representation of a board of vertically placed bristle tufts, with different
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Figure 4.5: Relationship between upstream head (ha), mean depth in pass (h), unitary discharge (qg), and
velocity (V) for 0.15 m high SAB fishways at a 15% slope (reproduced from Larinier, 2002c).
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pass, and 5 downstream). Also shown is the location of the temperature logger (n = 1), Buttercrambe
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Figure 4.8: a) Cumulative number of lamprey at liberty (blue), number of lamprey detected at the fish
pass entrance (orange) and number of lamprey successfully ascending the fish pass (green) in MS1 and
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Figure 4.12: Principal component analysis of attempts by river lamprey released during MS2. 95%
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absolute (including current velocity overcome) swim speed in m s™and BL s, respectively. Mean
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Table 2.3: Summary details of structure sites and reference sites surveyed on respectively T1 (#1-16)
and T2 (#17-29). Structure #29 was located 20 m upstream of the Browney-Deerness confluence (in
principle on the Deerness, but grouped with T2 in Figure 2.4), thus it was not counted as a structure
positioned downstream of the structures on the Browney. ds: downstream. For vertical weirs (structures
consisting of a series of low vertical weirs (steps) are marked with *), the (mean step) height of the weir
above the water surface (in m, at Qgs) is shown in parentheses. For pipe and arched culverts, the step
height at the culvert outflow (m) is shown in parentheses under the same conditions. Structures which
formed road crossings are marked with **.

Table 2.4: Summary details of structure sites and reference sites surveyed on T3 (#30-63). ds:
downstream. For pipe culverts, the step height at the culvert outflow (m) above the water surface (in m,
at Qgs) is shown in parentheses.

Table 2.5: Variables as measured on each site on T1 and T2, delimited by a horizontal red line.
Reference sites are highlighted in orange, and site numbers correspond with those in Figure 2.4. All
values except BMWP and NTAXA are mean values. ds: downstream, us: upstream. Flow-sa: flow
velocity in sampling area. Flow-en: flow velocity 0.1 m from structure’s downstream end. Gradient
refers to the mean gradient over the structure, or over the reference section, based on the height change
(including vertical steps, and vertical weirs) over the distance measured.

Table 2.6: Variables as measured on each site on T3. Reference sites are highlighted in orange, and site
numbers correspond with those in Figure 2.4. All values except BMWP and NTAXA are mean values.
ds: downstream, us: upstream. Flow-sa: flow velocity in sampling area. Flow-en: flow velocity 0.1 m
from structure’s downstream end. Gradient refers to the mean gradient over the structure, or over the
reference section, based on the height change (including vertical steps, and vertical weirs) over the
distance measured. Arch-box: arch-box combination.
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Table 2.7: Variables (mean £ SD [range]) as measured at reference (ref.) sites and downstream
(ds)/upstream (us) of identified structures on T1, T2 and T3, respectively. ASPT: average score per
taxon; Ntaxa: number of scoring taxa; BMWP: sum of taxon scores. MINTA is based on the biological
quality scores of BMWP, NTAXA and ASPT, by selecting the lowest classification status derived from
these scores and normalised to predicted values from RICT. Classification is ordered from B (bad), P
(poor), M (moderate), G (good) and H (high).

Table 2.8: Variety in parameters between sites (structure and reference) on different tributaries, T1 (n =
16), T2 (n = 13) and T3 (n = 34). Flow-sa: flow velocity in sampling area. Flow-en: flow velocity 0.1 m
from structure’s downstream end. Values were standardized to reduce normality deviations using a log
(for all parameters except canopy cover and aquatic cover) or square-root transformation. Shown are p
values (values in blue are significant) of Mann-Whitney U tests with Benjamini-Hochberg post-hoc
corrections for false discovery rate.

Table 2.9: Details of fish species density (no. per 100 m?) and community composition per site on T1
(sites 1-16) and T2 (sites 17-29), delimited by a red line. bt: brown trout, bh: bullhead, mw: minnow, sl:
stone loach, ee: European eel, sb: three-spined stickleback. ds: downstream, us: upstream. FD: fish
density (no. per 100m?), all species combined. FSR: fish species richness. SWI: Shannon-Wiener Index.
Reference sites are highlighted in orange; fish densities and SWI are presented in the ‘downstream’
column for simplicity; na = not applicable.

Table 2.10: Details of fish species density (no. per 100 m?) and community composition per site on T3.
bt: brown trout, bh: bullhead, mw: minnow, sl: stone loach, ee: European eel, sh: three-spined
stickleback, gr: grayling. ds: downstream, us: upstream. FD: fish density (no. per 100m?), all species
combined. FSR: fish species richness. SWI: Shannon-Wiener Index. Reference sites are highlighted in
orange; fish densities and SWI are presented in the ‘downstream’ column for simplicity; na = not
applicable.

Table 2.11: Relative contribution of each principal component (PC) to the variation in data of the 12
variables used as input for PCA. Only those PC’s which explained at least 95% of the variance in data
were kept. Therefore three PCs were removed. The four most important variables in PC1 and PC2 are
shown in blue text. Variables: wd: mean water depth (m), cw: mean channel width (m), fsa: mean flow
velocity in sampling area (m s™), el: elevation (masl), gr: gradient (%), cc: canopy cover (%), ac:
aquatic cover (%), bm: BMWP score, co: conductivity (uS cm™), su: substratum index, di: distance to
source (rkm), sds: structures downstream of sampling site.

Table 2.12: Mann-Whitney U tests (shown are p values only, with significant differences in blue,
corrected for false discovery rate with post-hoc Benjamini-Hochberg procedure) of fish species
densities, with upstream and downstream sections included per site, between site combinations across
tributaries and between groups of sites (see Figures 2.6, 2.7, 2.8). str.: structure sites, ref.: reference
sites.

Table 2.13: Wilcoxon signed rank tests on densities per species (matched pairs of species between
downstream and upstream sections) of different types of structures surveyed for T1, T2 and T3
combined, and T1 and T3 separately. No types of structures with n > 5 sample size were located on T2
solely.

Table 2.14: Mean fish species densities (no. 100 m™) per group of sites, as identified in Figures 2.8, 2.9,
2.10. Grayling was not included in this comparison. bt: brown trout, bh: bullhead, mw: minnow, sl:
stone loach, ee: European eel, sb: three-spined stickleback.

Table 2.15: Euclidean dissimilarity in species composition for sites on T1. Lower values (non- / light-
red coloured) indicate more similar fish community compositions between individual sites than higher
values (darker red coloured), based on fish densities per species. Site numbers correspond with Figure
2.4. Letters in parentheses indicate the structure type: pc: pipe culvert, bc: box culvert, ac: arched
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culvert, vw: vertical weir (*: multiple vertical weirs (steps) close together), ab: arched bridge, abc: arch-
box combination, ref: reference site.

Table 2.16: Euclidean dissimilarity in species composition for sites on T2. Lower values (non- / light-
red coloured) indicate more similar fish community compositions between individual sites than higher
values (darker red coloured), based on fish densities per species. Site numbers correspond with Figure
2.4. Letters in parentheses indicate the structure type: pc: pipe culvert, bc: box culvert, ac: arched
culvert, vw: vertical weir, bb: box bridge, ref: reference site.

Table 2.17: Euclidean dissimilarity in species composition for sites on T3. Lower values (non- / light-
red coloured) indicate more similar fish community compositions between individual sites than higher
values (darker red coloured), based on fish densities per species. Site numbers correspond with Figure
2.4. Letters in parentheses indicate the structure type: pc: pipe culvert, bc: box culvert, ac: arched
culvert, vw: vertical weir, bb: box bridge, ab: arched bridge, abc: arch-box combination, ref: reference
site. No fish, of any species, were sampled at sites 38, 50 and 61.

Table 3.1: Classification of water bodies as outlined by the Water Framework Directive. Water body
numbering corresponds to Figure 3.2; WB2: white columns; WB3: green columns; WB4: orange
columns. Water body classification consists of ecological and chemical scores, and ranges from Bad (B)
- Poor (P) - Moderate (M) - Good (G) - High (H). At least ‘good’ quality status is required to meet
WEFD targets. Overall classification for the WB in the specific year is shown in parentheses. BQE:
Biological quality elements, Inve.: invertebrates, Macr.: macrophytes, Phyt.: phytobenthos. HSE:
Hydromorphological supporting elements, HR: hydrological regime, Morp.: Morphology. PCQE:
Physico-chemical quality elements, DO: dissolved oxygen, Temp.: temperature. SP: Specific pollutants.
PHS: Priority hazardous substances, DEHP: Di(2-ethylhexyl)phthalate, NP: Nonylphenol, TBT:
Tributyltin. PS: Priority substances, Pb: Lead, Ni: Nickel. Chemical quality status did not require
assessment until 2013 (EU, 2000; UKTAG, 2008a). See Appendix | for identification codes of these
WABs as appointed by the EA.

Table 3.2: Details of eight in-stream structures on the Deerness, ordered from downstream (ds) to
upstream (us). Vertical step (100% gradient) was measured at low summer baseflow (ca. Qgg). Note that
the vertical step may be drowned out at all structures except for S1 and S2 (*) when water levels are
elevated. Mpbc: multi-pipe-bridge crossing. Mean flow velocities over the structure pre-restoration and
over/through structure/modification post-restoration (e.g. for S1 through rock ramp, for S2 through
bypass channel) were measured at low summer baseflow, except for S8 pre-restoration (**, ca. Q7).
***: At the pipe culvert the nature-like pool-weir pass removed the vertical step at the perched outlet
and drowned the lower part of the culvert.

Table 3.3: Adult brown trout (river-resident) and sea trout tagging dates and release locations (ds:
downstream, us: upstream) for tracking during the spawning migration. B: released in lower Browney,
D: released in lower Deerness. Mean fork length (cm) and range in parentheses.

Table 3.4: Habitat characteristics at each study site (n = 8), pre-restoration and separated between
downstream (ds) and upstream (us) sections of the respective structure. Conducted at baseflow (ca.
Qqo). Substrate - ho: high organic; si: silt; sa: sand; gr: gravel; pe: pebble; co: cobble; bo: boulder; be:
bedrock. Flow - sm: still marginal; dp: deep pool; sp: shallow pool; dg: deep glide; sg: shallow glide; ru:
run; ri: riffle. Fish cover type - dr: draped; uc: undercut; rt: roots; rk: rocks; ma: marginal.

Table 3.5: Habitat characteristics at each study site (n = 8), post-restoration and separated between
downstream (ds) and upstream (us) sections of the respective structure. Conducted at baseflow (ca.
Qqo). Substrate - ho: high organic; si: silt; sa: sand; gr: gravel; pe: pebble; co: cobble; bo: boulder; be:
bedrock. Flow - sm: still marginal; dp: deep pool; sp: shallow pool; dg: deep glide; sg: shallow glide; ru:
run; ri: riffle. Fish cover type - dr: draped; uc: undercut; rt: roots; rk: rocks; ma: marginal.
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Table 3.6: Density estimates per species (per 100 m?) for 80 m longitudinal sections directly
downstream (ds) and directly upstream (us) of each of the structures (S1-S8), ordered from the lower to
the upper Deerness, using Carle & Strub’s K-pass removal method, for summer 2013-2015 (and for S8
in autumn 2012 (*)). Shaded numbers represent structures pre-restoration, unshaded numbers post-
restoration. bt: brown trout, bh: bullhead, m: minnow, sl: stone loach. NTAXA refers to the number of
benthic macroinvertebrate families recorded; MINTA is a benthic macroinvertebrate derived biotic
index of river habitat quality (Davy-Bowker et al., 2008). M: moderate, G: good, H: high (best), see text
for further information. Due to proximity of sites, invertebrate sampling was omitted from sites 3 and 5.

Table 3.7: Numbers of PIT tagged brown trout (bt) and bullhead (bh) released per date and recaptured at
least once (with recapture percentages in parentheses) per site (immediately downstream (ds) and
upstream (us) of each structure). Data of the final survey in each CMR year is not listed, because no
new fish were tagged in that survey.

Table 3.8: Numbers of VIE tagged brown trout (bt) and bullhead (bh) released per date and recaptured
at least once (with recapture percentages in parentheses) per site (immediately downstream (ds) and
upstream (us) of each structure). Data of the final survey in each CMR year is not listed, because no
new fish were tagged in that survey.

Table 3.9: Distance dispersed (mean £ SE) and probabilities to move downstream (ds), remain
sedentary or move upstream (us) of brown trout (bt) and bullhead (bh) for CMR campaigns 2013 and
2014, based on all recapture sessions. Data is further divided by treatment (n = 6) and control sites (n =
2) and by PIT (age 1+ trout and bullhead) and VIE (age 0+ trout and bullhead) tagged individuals.

Table 3.10: Probabilities of brown trout (bt) and bullhead (bh) remaining in the last recorded 20 m zone
for treatment sites (n = 6) and control sites (n = 2), separated by PIT and VIE tagged individuals. Data
are further divided by year (2013, 2014), by all zones included, by two zones downstream and two
zones upstream of the structure excluded and differences in probability. ds: downstream, us: upstream.

Table 3.11: Chi square values of expected vs observed frequencies of comparing passage pre- and post-
connectivity restoration of brown trout (bt) and bullhead (bh) at treatment sites (S1, S2, S4, S5 -
excluding those where no before / after impact was applicable during the CMR campaigns) and control
sites (S3, S7). Shaded cells represent a significant association, where in all cases fish ascended /
descended more often in post-restoration conditions than before mitigation. Observed number of
traverses was lower than expected before restoration for all underlined cells (not all significant).

Table 3.12: Modelled parameters per structure, per species (bt: brown trout, bh: bullhead) and per
tagging method (PIT, VIE) for the 2013 and 2014 CMR campaign, as estimated by the barrier Laplace
mixture models approach (fgm). Bullhead PIT tagged and VIE tagged were combined to increase
sample size. k: barrier permeability (scale from 0 - 1); s: proportion of sedentary individuals (scale from
0 - 1); 0s and 6m: mean dispersal distances of sedentary and mobile individuals (m), respectively. 95%
confidence intervals are shown in parentheses.

Table 3.13: Comparison of models considered within the data set in the 2013 and 2014 CMR
campaigns, based on QAICc values and adjusted for lack of fit (¢ = 1.268 and 1.289, respectively). ¢:
survival probability, p: recapture probability, s: species (brown trout or bullhead), : time interval.

Table 3.14: Details of displaced trout attempting and succeeding in passing S2 and S8 respectively,
following connectivity re-establishment works. If the interval time between successive detections at the
fishway entrance was at least 30 s, it was counted as a separate attempt.

Table 4.1: Details of PIT and acoustic tagged river lamprey per release date for each size of tag used (a,
23 mm PIT tag; b, 32 mm PIT tag; c, double-tagged with a 32 mm PIT tag and a 7.3 x 18 mm acoustic
transmitter, respectively), for MS1 (2013-14) and MS2 (2014-15).
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Table 4.2: Details of acoustic receivers placed in the vicinity of Buttercrambe weir (n = 7) and further
downstream, at Stamford Bridge (n = 1). us: upstream, ds: downstream.

Table 4.3: Estimated discharge and flow velocities in the Larinier fish pass for Q annual exceedance
flow levels and stage height. VValues were derived from Figure 4.5. Values are shown for 0.23 m stage
height (Qsgs) as well, flow levels in which empirical measurements were taken. Flow calculations are
accurate up to a head of 0.65 m (stage height of 0.47 m), as fish pass hydraulics tend to change to a
triangular profile weir at higher heads (D. Lindsay, EA, pers. comm.).

Table 4.4: Relative contribution of each principal component (PC) to the variation in data of the 7
variables used as input for PCA, for MS1 and MS2. Following a Box and Cox transformation, only
those PC’s which explained at least 95% of the variance in data were kept. For MS2, this resulted in one
discarded PC (PC7). Letters in parentheses correspond with the 3 most important variables - in
descending order - to the principal component. a) time of day; b) duration from release to first detection
at fish pass entrance (h); c) body length (mm); d) river discharge (m® s™); e) water temperature (°C); f)
A river discharge (contrast with 24 hours earlier, m® s) and g) A water temperature (contrast with 24
hours earlier, °C).
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The importance of river connectivity for freshwater fishes

1.1 General introduction

Humans have had an interest in river systems throughout history. Be it for acquiring food through
netting fish in ancient history, for sustaining a wealthy trade-route with civilizations far away, or for
regulating water flow to generate hydroelectricity as renewable energy in modern times, human
populations have been dependent on rivers to an increasing extent for their needs of food, energy,
transportation and water abstraction. But to achieve and sustain that, modifications to river systems had
to be made (Nilsson et al., 2005). The distribution and abundance of anthropogenic in-river structures
has increased dramatically, especially in the second half of the 20™ century (Ward et al., 1999). Rivers
were, for example, dammed to meet increasing water demand and to provide protection against a
surplus or shortage of water. Since the 1800’s, smaller in-river structures have been built to an
increasing extent, for example to provide protection against flooding and to act as flow gauging
facilities. For a long period, the effects of these anthropogenic activities on natural river systems and
their flora and fauna were not paid sufficient consideration, and it is only in recent decades that a
generally more positive attitude towards natural systems arose in public perception and more critical
thinking in this regard was developed by scientists and environmental managers. Research on
freshwater biodiversity conservation is growing, but still requires more attention, as for example
between 1997 and 2001, only 4% of publications in Conservation Biology - one of the more influential
journals in the field - were on the topic of freshwater habitats and species, excluding those on the use of
riparian zones by terrestrial species (Abell, 2002), but for the period 2010 - 2015, this proportion was
11%.

Natural river systems, together with adjacent riparian zones, are part of the most diverse, dynamic,
and complex ecosystems globally (Dynesius and Nilsson, 1994). Although less than 1% of the world’s
surface consists of freshwater systems, an estimated 126,000 described species rely on these habitats
and this number could rise to over a million when undescribed species are accounted for (Freshwater

Biodiversity Unit (FBU, 2016)). Moreover, species richness in freshwater assemblages is very high

22



relative to area of habitat (IUCN, 2015). It is estimated that 15,000 fish species (comprising nearly 45%
of all 33,100 estimated fish (IUCN, 2015)), including fish species (partly) residing in brackish water,
are dependent on freshwater habitat. Out of 33,100 fish species described, 2,248 are classed as
threatened, but based on just 39% of all described fish species (IUCN, 2015). Since the area of
occurrence of freshwater systems is limited, and human society relies on fresh water to such a great
degree, anthropogenic pressures on them are very considerable. Indeed, damming of rivers has been
globally accepted as one of the most important deliberate, anthropogenic threats on the natural
environment (Petts, 1984; L'vovich and White, 1990; World Commission on Dams (WCD), 2000).
Damming and other anthropogenic activities and alterations to a river’s natural condition impacts
animals in a variety of ways. For fish, populations can become isolated (Moilanen and Nieminen, 2002),
river hydromorphology can change, sediment deposition can be altered and habitat in the vicinity of
anthropogenic works can get disrupted (e.g. Poff and Hart, 2002; Sheer and Steel, 2006; Venter et al.,
2006). Isolation (Moilanen and Nieminen, 2002), often from physical structures placed in previously
un-obstructed river lengths, is known as a major factor influencing the distribution and persistence of
fish populations (MacArthur and Wilson, 1967; Levin, 1974; Merriam, 1984; Fahrig and Merriam,
1985; Ward and Stanford, 1995; Ward et al., 1999). Restrictions to free fish movement, be they from a
partial impediment or complete blockage, is generally accepted as a major threat to a fish species’ life

cycle, distribution and abundance (e.g. Lucas and Baras, 2001; Piecuch et al., 2007; Lucas et al., 2009).

1.2 Migratory behaviour of fishes

In freshwater systems, the distribution of fishes is typically non-random whereby habitat suitability and
complexity, changes in environmental conditions, biotic interactions and dispersal behaviour, drive the
presence or absence of alternating population patches of a species (Jackson et al., 2001, Angermeier et
al., 2002). Since fish species are dependent on feeding, spawning and refuge habitat (Northcote, 1984),

and since presence of these three functional types of habitat can change both spatially and temporally,
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individual fish may move between these habitats (Figure 1.1). Nearly 2.5 centuries ago, German

naturalist M.E. Bloch wrote:

‘Salmon, making its way up rivers, will journey for long distances: where waterfalls or rocks oppose its
passage, it will leap over them. It will sometimes hold its tail firm in its mouth and so make a circle,
then it will suddenly flick its body into its ordinary length, hit the surface of the water strongly and so

leap five or six feet.’

Bloch, M.E. (1781)

Refuge habitat
(juvenile - adult)

Migration Feeding
ro refuge migration

Migration FEEdiﬂg habitat Spawning
to refuge Feeding migration migration

juvenile adult sub-adult/adult

Feeding Spawning Spawning

migration migration migration
Spawning habitat

(adult) <€

Figure 1.1: Types of migration between three functional habitats: feeding, spawning and refuge. Modified from Northcote

(1978).

When relating river morphology to migration, one can distinguish longitudinal and lateral
migration, both exhibited for reaching spawning grounds and growth, nursery and refuge habitat (e.g.
floodplains or tributaries) (Figure 1.2). Although energetic costs and mortality are higher for fish during
migration compared to sedentary individuals, this is offset by possible better somatic growth and
feeding opportunities at their destination. Ultimately, migrants may experience similar or better lifetime

fitness (Gross, 1987; Gross et al., 1988; Alerstam et al., 2003) as residents.
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Migration in the animal kingdom has been described as behaviour which meets at least one of
the following overlapping characteristics (Dingle, 2007): a) a locomotory activity that is notably
persistent, undistracted, and straightened out; b) an individual’s relocation that is on a greater scale, and
involves movement of much longer duration relative to its normal daily movement; ¢) movements
leading to redistribution within a spatially extended population and d) a back and forth seasonal
population movement between alternately favourable or unfavourable habitat (including breeding
habitat). Migratory behaviour in fishes comes in many forms, from the short-distance migration of
cyprinids in and out of shallow lakes (Skov et al., 2008) and diurnal vertical movements of coregonids
(Mehner and Kasprzak, 2011) to the vast distances covered by Atlantic bluefin tuna (Thunnus thynnus)
(Block et al., 2005). Interspecific variation of migration exists, as does intraspecific variation, whereby
differences in migratory behaviour between populations (e.g. chances of undertaking migration,
migration distance and destination) and even among individuals within a population (e.g. while a
portion of the population remains resident in one habitat, another migrates on seasonal or diel time
scales between habitats (Dingle, 1996)) are present. In fact, this intraspecific diversity is very abundant
(Newton, 2008; Chapman et al., 2011). In addition to local home-ranging behaviour, some fish taxa
show large-scale coordinated migratory behaviour, often for spawning purposes and consisting of a
return movement which may be repeated multiple times, and is dependent on temporal and ontogenetic
factors (Lucas and Baras, 2001; Piecuch et al., 2007; Lucas et al., 2009; Nunn and Cowx, 2012). The
rate at which migration is undertaken depends on numerous environmental variables including water
temperature, flow, photoperiod and previous experience of the migrants (Zabel and Anderson, 1997;
McCormick et al., 1998). Some fish in small streams are sedentary and have smaller home ranges
(Schlosser, 1995), and may move within a river stretch of just a few hundred meters or a few kilometers
(Parkinson et al., 1999; Hudy and Shiflet, 2009). David and Closs (2003) found that stream fishes of
some species do not move more than a few meters over long periods, while other individuals within a
population may move long distances repeatedly (Skalski and Gilliam, 2000; Rodriguez, 2002). Within

streams, there has been evidence of much genetic variation between fish populations, indicating very
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limited geneflow between these populations (Hurwood and Hughes, 1998, 2001). In-stream obstacles -
anthropogenic barriers, hydropower stations and natural barriers - have been reported to reduce

population connectivity in highly mobile fish (e.g. European chub (Squalius cephalus); Gouskov et al.,
2016). Allelic diversity was found to be significantly lower upstream of man-made barriers especially.

In an isolated, fragmented headwater stream in western Oregon, USA, Wofford et al. (2005) found

barriers strongly influenced the genetic structure of coastal cutthroat trout (Oncorhynchus clarki clarki),

whereby genetic diversity was reduced and genetic differentiation increased in upstream populations
compared to downstream populations. The partially independent populations were impacted strongly b
genetic drift. In highly fragmented catchments, genetic isolation may compromise population
persistence on the long-term. Wofford et al. (2005) conclude that results may be similar in small
populations of other species in fragmented reaches, where gene flow among populations is minimal or

even eliminated.

Interruption of migration connectivity owing to barriers formed by weirs or dams.
'l[‘- Obsatructions of migration can be created alzo by zection with insufficient flow or
Ly ; '

with high pollution
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g {3 %‘# Q} 0 % r:':,. dikes or by heavy-handed river trainings
> 3 ’ Fish migration to the side river arms, which usually conserve semi nature character,
G ‘ fish finds hiding place and morz svitabls flow conditions hers
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- Migration due to ssarch of stands (.. litophvlous fish species ssarching for gravel
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363 Floodplain forzsts
Figure 1.2: Longitudinal and lateral migration between spawning, refuge and feeding habitats for fish. Source:

Gough et al. (2012).

Some fish taxa spend their entire life in either fresh water or seawater (holobiotic lifestyle),
while others move between these two environments and brackish water (amphibiotic lifestyle). Since
osmotic concentrations change between these different aquatic environments, and can be higher or

lower compared to those found in the fish tissues, osmoregulation in the fish has to be adjusted

y
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accordingly by virtue of ontogenetic or seasonal changes (Folmar and Dickhoff, 1980; Lucas and Baras,
2001). Classification of migration in fish can be divided into three main groups, dependent on the fish’s
life-history: potamodromy refers to a migratory cycle which occurs wholly in fresh water (Gresswell,
1997; Northcote and Hartman, 2004); oceanodromy refers to those migrations that occur within the
marine biome entirely (Northcote, 1998; Lucas and Baras, 2001); diadromy is migratory behaviour that
takes place across a transition zone between saltwater and freshwater habitat (McDowall, 1988;
McDowall, 1995; Lucas and Baras, 2001). Potamodromous (Greek: motaudg (potamas), “river”, and
dpopog (dromos), “running”) fish have received less attention than other groups of migratory fish. Some
potamodromous fish were found to exhibit large-scale reproductive migrations, whereby freshwater
resident species moved upstream in advance of the spawning season, and then returned downstream
rapidly after spawning (Scott and Crossman, 1973; Silva and Davies, 1986; Wootton, 1998; Koed et al.,
2000; Palstra et al., 2004; Koehn et al., 2009). Lacustrine fishes exhibiting potamodromy may move
into tributary streams to reach spawning grounds (Lagler et al., 1977; Northcote and Hartman, 2004).

Some decades ago, diadromy was defined as a migration pattern of those fish species that
exhibit predictable, obligatory movements between seawater (not brackish water) and fresh water
(McDowall, 1988). However, as fish can potentially migrate from fresh water into brackish water, or
from marine environments into brackish water, and because there are fish species that exhibit non-
obligatory movement between seawater, fresh water and brackish water, this definition of diadromous
(classical Greek ([dia], ("through™); and ([dromous]), "running") fish seems marginally flawed (Lucas
and Baras, 2001). Diadromy can be further subdivided into anadromy, catadromy and amphidromy
(McDowall, 1997; Northcote, 1998; Lucas and Baras, 2001). Anadromous fish (Greek: avd (‘ana'), up
and 6popog ('dromos'), running) feed and grow in salt water and migrate upriver as adults to spawn. The
principal feeding and growing biome (salt water) differs from the reproductive biome (fresh water). By
contrast, habitat for feeding and somatic growth of catadromous (Greek: katd ('kata'), down and dpopog
(‘'dromos’), running) fish is located in fresh water, and the reproductive biome is at sea. In

amphidromous fish, larvae migrate to sea shortly after hatching, followed by early feeding and growth
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at sea after which juveniles migrate back to fresh water for their main period of somatic growth,
maturation and eventually spawning. The principal feeding and spawning biome are identical (fresh
water) for amphidromous fish. Gross et al. (1988) argued that in those geographic areas where the
marine habitat is more productive than the freshwater habitat (temperate regions), anadromous fish are
often more prevalent, while in tropical regions, where increased productivity in the freshwater habitat is
found relative to salt water habitat, catadromy is more prevalent. “Migration” can also be undertaken
following a 24 h daily cycle, for example, whereby fish move relatively close to the water surface
nocturnally, and return to deeper sections during the day. However, the movements occur within the
fish’s home range, so the extent of movement is not so great as during seasonal or ontogenetic
migrations. These diel vertical migrations within fish communities are exhibited to, for example, avoid
predation, for metabolic advantages (somatic growth) or increased dispersion (Clark and Levy, 1987).

Migration is often performed by only a portion of a population with the rest remaining resident
(known as partial migration), and is often seen in the family Salmonidae (Alerstam et al., 2003;
Chapman et al., 2012). Partial migration can be explained by both environmental and genetic influences
(Pulido, 2011) and is considered a facultative or an obligate behaviour (Brodersen et al., 2008).
Facultative migration occurs in response to unpredictable events or hierarchy changes within the
population and is relatively less synchronised than obligatory migration (e.g. up-river spawning
migration in anadromous fish that follow only that single strategy). Facultative migration can be
undertaken by individuals throughout their life history (Ramenofsky and Wingfield, 2007).

Each of the three major migration strategies of fishes (potamodromy, oceanodromy and
diadromy) represents a different life history. Their dependence on migration (either within fresh water,
saltwater, or between these) is of crucial importance to their conservation (Lucas et al., 2009; Branco et
al., 2012). Clearly, a variety of strategies are used by fish species in order to achieve greater lifetime
fitness under varying conditions. Although much focus in recent fish migration studies has been on
anadromous fishes especially, the importance of fish life history and migratory behaviour in especially

potamodromous species is often underrated (Northcote, 1998). For example, much consideration has
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been given in the last century to conserve economically important members of the family Salmonidae,
of which many species are reliant on anadromous, long-distance migrations to (as juveniles) and from
(as adults) seawater feeding grounds to freshwater spawning grounds. Other, economically less
important but ecologically vital fish species, are dependent on short distance dispersal and migration
within fresh water, and may have received less attention for their conservation (Northcote, 1998). These
less distinctive potamodromous migratory patterns and dispersal movements can be acknowledged as

movements between key habitats, and are vital for patch colonisation and gene mixing.

1.3 Threats to conservation of freshwater fish species

The freshwater biome, spanning not even 1% of the world’s surface but sustaining a high degree of
biodiversity, has been acknowledged as experiencing serious threats to both ecosystems stability and the
biodiversity therein (Warren and Burr, 1994; Bruton, 1995; Bronmark and Hansson, 2002; Cowx, 2002;
Saunders et al., 2002). As many freshwater fish species are dependent on short- and long-distance
dispersal and migration to survive, this makes freshwater fish populations extremely vulnerable to a
population decline or even a species’ extinction (Maitland, 1995; Suski and Cooke, 2007). Although
humans have been dependent on fish populations for millennia, anthropogenic impacts on freshwater
fish have been especially detrimental in recent history. For riverine environments, an overview of direct
and indirect anthropogenic threats and possible consequences for freshwater fish is given in Table 1.1.
In this thesis the impacts of a variety of anthropogenic in-stream structures (one of the most important
threats to freshwater biodiversity (Petts, 1984; L'vovich et al., 1990; Ward et al., 1999; WCD, 2000;

Nilsson et al., 2005) on free fish movement is studied.
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Table 1.1: Summary of main pressures impacting freshwater fish. Modified from Suski and Cooke (2007).

Threat

Impact

Alien species introduction
Anthropogenic structures

Global warming

Overexploitation

Effluents (industrial,
domestic)

Angling and fishery
management
Fish farming

Fluctuating water levels
(reservoirs)

Water abstraction

Infilling, drainage and
canalization

Warm water discharge
gradients

Industrial and
infrastructure development

Land use (farming and
forestry)
Acid deposition

Endemic population decline/extinction, diseases, parasites
Blocking of migration routes, sedimentation of spawning beds, isolate populations

Loss of some southern or low-altitude populations, northbound movement of
southern species, can change water temperatures to exceed thermal maximum of
species

Population decline, genetic changes

Pollution, poisoning, blocking of migration routes

Elimination by piscicides, diseases, introductions

Eutrophication, introductions, diseases, genetic changes
Loss of habitat, spawning and food supply

Loss of habitat and spawning grounds, species transfer
Loss of habitat, refuge and food supply

Temperature changes, deoxygenation

Sedimentation, obstructions, species transfer

Eutrophication, acidification, sedimentation

Acidification, release of toxic metals
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1.3.1 Anthropogenic in-stream structures

Fragmentation of many of the world’s river systems has been recognized as a serious threat to the
diversity, abundance and conservation of many aquatic species (e.g. Sheldon, 1988; Dunham et al.,
1997; Nilsson et al., 2005; Khan and Colbo, 2008; Noonan et al., 2012). In order to meet their water,
energy, and transportation needs, humans have increasingly altered river systems through
impoundment. As a result, very few river systems across the world now have no dams or weirs (e.g.
Morita and Yamamoto, 2001; Doehring et al., 2011; Hall et al., 2011; Rolls, 2011), either with a high-
head (usually acknowledged as > 5 m height difference (Poff and Hart, 2002)) or a low-head (<5 m,
such as weirs).

Whether small or big, in-river structures may act as a physical, hydraulic (Vowles and Kemp,
2012), chemical (e.g. acid sulphate soil discharge, zones of pollution, low dissolved oxygen slugs) or
behavioural obstruction (e.g. light conditions may induce avoidance behaviour (Vowles and Kemp,
2012)). Furthermore, unnatural substrate may hinder movement for some species (Garcia de Leaniz,
2008). In-stream engineered structures can have a profound impact on longitudinal and lateral
connectivity within freshwater systems, alter habitat characteristics through flow manipulation and
consequently influence fish assemblages (Dynesius and Nilsson, 1994; Gillette et al., 2005; Nilsson et
al., 2005; Bourne et al., 2011). Changes from a lotic (running water) to a more lentic (standing water)
habitat (Guenther and Spacie, 2006) could result in a degradation in water quality due to high primary
production and high nutrient accumulation (e.g. Godlewska and Swierzowski, 2003; Carol et al., 2006).
Impacts of impoundment on river habitat and on geomorphology are shown in Figure 1.3 and Figure

1.4, respectively.
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Figure 1.3: Impoundment effects on river habitat. Source: Wild Trout Trust (2015).

Figure 1.4: Alteration of geomorphology by weirs. Source: Wild Trout Trust (2015).

Globally, over 45,000 dams above 15 m high have been identified, capable of holding back
more than 6500 km? of water (Avakyan and lakovleva, 1998), or ca. 15% of the total annual river
runoff globally (Gornitz, 2001). Three-hundred out of those are considered giant dams, which are either
more than 150 m high, have a dam volume of at least 15 million m®, or have a reservoir storage of over
25 km® (Nilsson et al., 2005). Damming a river system may result in fragmentation, inundation and
flow manipulation (Humborg et al., 1997; Nilsson and Berggren, 2000; Jansson et al., 2000).

Fragmentation of a river catchment affects the dispersal and migration of organisms, which has been
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identified as a primary cause for population declines and extinctions of entire species of freshwater
organisms, including fish (WCD, 2000; Gehkre et al., 2002; Penczak and Kruk, 2000). Due to
fragmentation, the amount of available lotic habitat for fishes is reduced (Poff and Hart, 2002; Sheer
and Steel, 2006). Dams have frequently been the primary cause of freshwater-resident and diadromous
fish populations’ decline, as they affect both upstream migration (Caudill et al., 2007) and downstream
migration (Wertheimer and Evans, 2005; Arnekleiv et al., 2007). As a result of inundation, terrestrial
ecosystems are negatively impacted and upstream lotic habitat undergoes a change to more lentic
conditions, which favours non-native species generally (Gillette et al., 2005; Garcia de Leaniz, 2008;
Alexandre and Almeida, 2010). Ultimately, inundation can lead to eutrophication, anoxia and increased
sedimentation (Chang and Wen, 1998). Effects of flow manipulation on catchment-scale include a
reduction of floodplain productivity, may impede channel development and can greatly alter aquatic
communities (Tockner and Stanford, 2002; Poff et al., 1997).

It is commonly agreed upon that high-head anthropogenic in-river structures have a profound
effect on the survival and sustainability of fish assemblages. Low-head weirs may have a lesser impact
than large barriers on fish populations individually (Ovidio et al., 2007), but the fact that they may be
three to four orders (estimated at 800,000 structures globally, by Petts (1984) and McCully (1996)) of
magnitude more abundant than high-head barriers may make their combined fragmentation effect
greater (Lucas et al., 2009). Low-head (as well as high-head) structures can potentially have profound
adverse effects on fish populations by a) fragmentation of the river system, resulting in reduced habitat
available for feeding, spawning and colonization (Branco et al., 2014); b) restricting access to spawning
grounds and impeding or delaying seasonal migrations (often events whereby success is dependent on a
narrow time window); c) causing geographic isolation (Moilanen and Nieminen, 2002), considered to
be an important pressing factor influencing species distributions (Fahrig and Merriam, 1985; Northcote,
1998); d) migration delay, which can lead to increased predation pressure (Jepsen et al., 1998),

susceptibility to diseases; e) a reduction in inter-population gene flow, potentially causing genetic
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erosion (Newmark, 1991; Winston et al., 1991; Morita and Yamamoto, 2001), which in turn can be
beneficial for the dispersion of exotic fauna (Branco et al., 2012).

Barriers, low-head and high-head, can have a complete or a partial blocking impact on fish
distribution. Several of the most important criteria that define if an in-river structure is passable or not
for fish species of concern are the hydraulic conditions over and at the base of the structure (such as
flow velocity, water depth, aeration, turbulence) and whether or not these meet the swimming and
leaping capacities of the species concerned. Fish species dependent criteria (i.e. swimming and leaping
capacities) are furthermore related to the size of the individuals, their physiological condition and water
quality factors (water temperature, dissolved oxygen content) (Larinier, 2001). Tudorache et al. (2008)
reported a correlation between swimming speed and oxygen consumption with migration capacity and
identified fusiform fish (e.g. brown trout (Salmo trutta), roach (Rutilus rutilus)) to have high swimming
capacity, while small benthic species with non-fusiform shape, such as bullhead (Cottus perifretum) and
stone loach (Barbatula barbatula) were found to be poor swimmers. Relatively poor swimming
capability has also been identified in lampreys exhibiting anguilliform locomotion, including Pacific
lamprey (Lampetra tridentate; Mesa et al., 2003) and for European river lamprey (Lampetra fluviatilis;
Kemp et al., 2011). Climbing behaviour to overcome obstacles is performed by various species, such as
European eel (Anguilla anguilla; Vowles et al., 2015). Furthermore, a sucker and enlarged fins are used
by certain genera of gobies (Gobiidae), allowing gripping on to the substrate and climb around the edge
of waterfalls and rapids (Mitchell, 1995).

While complete blocking of passage by engineered in-river structures is obviously detrimental to
fish populations, especially those dependent on longitudinal migration (e.g. to reach spawning sites),
smaller obstacles may be overcome by fish, but often only in particular conditions, which may result in
migration delay (Brown et al., 2003, Acou et al., 2008). Increased densities of fish downstream of an
obstacle may occur due to complete or partial obstacles, and due to migration delay. Furthermore,
habitat may be altered through alteration of the flow by impoundment, which may have an effect on fish

density. A change in habitat as a result of impoundment may potentially favour predatory species so that
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predation pressure by piscivores may increase (Jepsen et al., 2000; Larinier, 2001; Jepsen et al., 2010;
Skov et al., 2014). Diadromous fish relying on processes that may have a narrow window of timing to
complete different parts of their life history (for example, spawning occurring only in a narrow time
frame) may be affected in both the effectiveness of evolved cues to migration timing as well as
successful completion of migration as a result of damming (Marschall et al., 2011). Increased energy
expenditure when attempting to traverse a barrier may deplete energy reserves, leaving fish with
reduced spawning success or higher mortality before spawning occurs (Larinier, 2001; Baisez et al.,
2011). This is especially problematic for fish species migrating upstream to reach spawning grounds, as
these fishes often do not feed during their upstream migration (Baisez et al., 2011).

Much research has been done on the effect of migration barriers on upstream migration, mostly on
anadromous fish (e.g. Moser et al., 2002, Caudill et al., 2007, Lundgvist et al., 2008). However, what
impact small barriers have on the downstream-migration phase has been paid less attention compared to
upstream migration, often because the perception is there that downstream migrants are less affected by
barriers and are believed to be able to pass barriers more easily (e.g. Welch et al., 2008; Gauld et al.,
2013). For anadromous fish species, downstream passage at obstructions is crucial for juveniles and for
adults in certain anadromous species that spawn during multiple seasons (Larinier and Travade, 2002).
Downstream passage for catadromous species is important for adults migrating downstream to reach
spawning grounds (Adam and Schwevers, 1997). As potamodromous species such as lake sturgeon
(Acipenser fulvescens), Siberian sturgeon (Acipenser baerii) and American paddlefish (Polyodon
spathula) can migrate substantial distances (Khodorevskaya et al., 2009), the effect of barriers on their
passage and population maintenance and distribution may be severe as well (Larinier, 2001; Larinier
and Travade, 2002). The degree to which dams, hydropower turbines and spillways have an impact on
fish varies between species (Larinier and Travade, 2002). Passing over spillways, either outside or
contained within the column of falling water, may directly result in injury or mortality, or indirectly via
increased susceptibility of disorientated or stunned fish to predation and disease (Larinier and Travade,

2002). Fish passing through hydropower turbines can be affected by shear stress, pressure changes,
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cavitation, sudden acceleration or deceleration and physical strike, either from moving or stationary
turbine parts (Monten, 1985; Epri, 1987; Larinier and Travade, 2002). It may be concluded that aquatic

biota, including fish, can be heavily impacted by man-made modifications to riverine systems.

1.4 The EU Water Framework Directive

1.4.1 Aims and approach

The European Union Water Framework Directive (WFD, Directive 2000/60/EC entitled “establishing a
framework for Community action in the field of water policy”; EU, 2000) was adopted in 2000 and is
the result of an attempt to provide an all-encompassing streamlined legislature which takes a modern,
holistic and ambitious approach towards water policy for the European Union (Ireson et al., 2006;
Irabien et al., 2008). Protection of water bodies is one of the areas with most comprehensive coverage
in EU environmental regulation. The WFD forms the most extensive European legislation concerning
water quality to date, comprising of a new approach to manage EU water sources (Howarth, 2009).
Legislative productions after 2000 had to be redesigned in some EU member states (even those states
with highly protective water policies) to be in accordance with the guidelines of the new WFD. A total
of 32 countries, including 27 EU member states and five candidates for EU accession, must commit to
the goals and approaches of the Directive. It sets objectives regarding environmental quality of
European water sources. The Directives key aims include, among others: a) to expand water protection
to all inland and coastal surface waters and groundwater; b) to achieve “good status” for all waters by
2015; c) to base water management on river basins and d) to streamline legislation (EC, 2007).

In order to achieve the goals of the WFD, rivers, lakes, coastal and transitional waters had to be
designated in to separate water bodies. This need becomes clear when considering the longitudinal
continuum in rivers. Rivers often transform drastically along their course. Many of them start as fast-
flowing mountain streams at their headwaters and evolve into broad, low-velocity waterways near their
sink. Anthropogenic pressures (e.g. water discharge from industry, agriculture and households, or civil
works such as flood control) to rivers take place especially at more downstream sections. Designating
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water quality status of river sections can therefore vary drastically along a rivers length. By designating
separate water bodies, special attention with monitoring activities can be paid to specific sections and
improvement measures can be developed for each section individually.

The Directive gives guidelines on organisational and procedural aspects of water management
(Alexopoulou et al., 2005) of use for river catchment managers (Ireson et al., 2006; Earle and
Blacklocke, 2008). In order to better implement WFD’s aims, river authorities should plan and organize
financial aid and monitoring activities. Combined plans (also called River Basin Management Plans
(RBMPs)) identify and assess pressures on water resources, and outline a Programme of Measures
(PoMs) in order to meet the Directive’s standards (Collins et al., 2012). These plans are completed
every six years to ensure that the management of water bodies is updated and reassessed to address
changes which have occurred in the water body status during the last RBMP period. In order to ensure
there is a strict compliance with WFD aims and deadlines, the Directive has set out a timetable for the
completion of each stage in implementation (e.g. Moroglu and Yazgan, 2008; De Stefano, 2010) (Table
1.2).

Table 1.2: Years at which WFD stages are required to be implemented.

Year Issue

2000 Directive entered into force
2003 Transposition in national legislation
Identification of River Basin Districts and Authorities
2004 Characterisation of river basin: pressures, impacts and
economic analysis
2006 Establishment of monitoring network
Start public consultation (at the latest)
2008 Present draft river basin management plan to public
2009 Finalise river basin management plan including programme of
measures
2010 Introduce pricing policies
2012 Make operational programmes of measures

2015 Meet environmental objectives, first management cycle ends

2021 Second management cycle ends
2027 Third management cycle and last extension of deadlines ends
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The principle goal of the Directive is that all water sources (groundwater, surface, coastal and
transitional waters, such as estuaries) should achieve ‘good’ water quality status by the year 2015, with
management cycles ending in 2027 (Table 1.2). Additionally, the Directive aims to prevent the
deterioration of surface water quality status. To achieve this status, the Directive requires that surface
waters be of at least ‘good’ chemical and ecological status (Collins et al., 2012; UK Technical Advisory
Group (UKTAG, 2008a)), except where extensions are permitted. These exceptions encompass artificial
water bodies (AWBs), defined as ‘a body of surface water created by human activity’, and heavily
modified water bodies (HMWBs), defined as ‘a body of surface water which as a result of physical
alterations by human activity is substantially changed in character’ (UKTAG, 2008b). For these groups
of water bodies, it may not be desirable due to socio-economic reasons to remove in-river modifications
(for example, weirs for flood control, hydropower) which impact the water bodies. These water bodies
have to reach good ecological potential (whereby the aim is to achieve maximum water quality in the
water body without compromising its use) instead of good ecological status to meet the WFD aims
(UKTAG, 2008b).

A risk assessment process is used to determine the combined morphology UKTAG risk class for
each water body and is derived from risk scores and confidence scores. In order to compare monitoring
systems across all member states, the Directive requires results to be expressed as ecological quality
ratios. These ratios represent the comparison between observed values for the biological parameters in a
given surface water body and the values found in reference conditions for that body.

In 2005, a preliminary identification of all water bodies in EU member states was made whereby
more than 70,000 EU surface water bodies were designated (EC, 2005). Out of these, 80% consisted of
river water bodies, 15% lakes and 5% coastal and transitional water bodies. In addition, assessments
were conducted as well by member states to assess which bodies were at risk of not achieving good
water quality status by 2015. Forty per cent of the more than 70,000 water bodies were found to be at
risk (EC, 2005). In 2007, 75% of UK surface water bodies were at risk of failing WFD objectives,

second only to the Netherlands which had 95% categorised as ‘at risk’. By contrast, less than 20% of
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surface water bodies in Estonia are at risk of not meeting WFD criteria, but this may be a severe

underestimate as ca. 60% of water bodies were not assessed.

1.4.2 Surface water quality status

To assess the surface water quality of each water body, ecological status and chemical status are
combined. Ecological status is determined by the condition of a number of indicators of ecological
quality, referred to as ‘quality elements’. These include biological quality elements, physico-chemical
quality elements, specific pollutants and hydromorphological quality elements (UKTAG, 2008a). There
are five status categories for ecological status, two for chemical status and five for combined surface
water status (Figure 1.5). The metric with the lowest status class determines the quality element’s
status, and in an identical way, the overall status of the water body is determined by the lowest of the

ecological and the chemical quality status (i.e. a one-out, all-out approach; UKTAG, 2008a).
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Figure 1.5: Schematic representation of the classification process of ecological status, chemical status and surface water
status for a water body. F: failing to achieve good status, B: bad, P: poor, M: moderate, G: good, H: high, gH: good or high

but is normally treated as high for calculation (UKTAG, 2008a). Source: Scottish Government, 2014.
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The ecological status of each group of quality elements is derived using a number of different
parameters. Obtained values are compared to reference values, determined using either networks of
reference sites, modelling approaches or expert judgement (EU, 2000; UKTAG, 2008a). The biological
quality elements consist of fish, benthic invertebrates, macrophytes and phytobenthos. In the UK, fish
species distribution predictions are made by the National Fisheries Classification Scheme 2 (NFCS2)
(UKTAG, 2008c). The 23 most commonly occurring fish species in England and Wales are included in
the method, and based on their tolerance to environmental disturbance (low - among which Atlantic
salmon, brown trout and bullhead, moderate and high tolerance), absence/presence of individual species
provides an ecological quality ratio (EQR) score (UKTAG, 2008c). The scheme’s input comprises
sampled values of individuals per fish species (of the 23 species) derived (for flowing waters) from
single removal (i.e. first pass of depletion fishing, or from semi-quantitative catch-per-area fishing).
These observed data are then compared to reference values, which are derived from modelling and
expert judgement. Based on environmental variables (including elevation, distance to tidal limit, mean
wetted width), the distribution and density of each of the 23 fish species is predicted in order to provide
expected fish community compositions for a given type of river under reference, non-pressure
conditions. Finally, the EQR of the sampling site is then calculated from the observed catch and
probability of expected catches (UKTAG, 2008c¢).

To achieve good ecological status the metrics for each quality element must meet nationally set
standards which protect the functioning of water bodies. Between EU countries, consensus on standards
have been reached, thereby ensuring the provision of data of an equivalent scientific comparability and

quality (Jepsen and Pont, 2007; UKTAG, 2008a).

1.5 Restoring river connectivity

Connectivity restoration in fragmented European waters is one of the most important objectives of the
WEFD (EU, 2000). Of the various effects barriers have on fish, the impact on overall habitat connectivity

within stream networks is recognized as one of the major threats to population abundance, diversity and
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sustainability (e.g. Dunham et al., 1997; Khan and Colbo, 2008). Connectivity has been defined as a
functional “exchange pathway of matter, energy and organisms” (Ward and Stanford, 1995), or, more
related to hydrology, as a “water mediated transfer of matter, energy and/or organisms within or
between elements of the hydrologic cycle” (Pringle, 2003), that acts both regionally and globally
(Branco et al., 2012). Connectivity can be considered in four dimensions: longitudinal, lateral, vertical
and temporal (Ward, 1989; Brunke and Gonser, 1997; Tockner et al., 1998). Reconnecting impounded
reaches, especially in longitudinal direction, is vital for a wide range of fish species to complete
different parts of their lifecycle and to provide access to feeding, spawning, nursery and refuge habitat

(Lucas and Baras, 2001).

1.5.1 Removal of in-stream obstacles to movement

One of the most effective ways to restore river connectivity is by removing in-stream structures which
form obstructions to aquatic animals’ movement and hydrologic processes (such as sediment transport,
flow and nutrient transport). This method is seen, to an increasing extent, as a viable option for effective
restoration of fragmented river systems (Bernhardt et al., 2005; Pess et al., 2008; Kemp and O’Hanley,
2010). Indeed, barrier removal is often seen as a top priority in river restoration programmes (Kemp and
O’Hanley, 2010). As an example, in reconnected Idaho streams, a fish production increase of 70% was
found following barrier removal compared to other restoration techniques (Scully et al., 1990). In
addition, restoration may take place more quickly using barrier removal relative to other methods,
where effects of restoration may take longer (Roni et al., 2002). Development of a systematic method
on how to efficiently remove multiple barriers over wide geographic areas has received little attention
compared to other types of river connectivity restoration, however, or methods for barrier-removal are
developed overly simple (O’Hanley, 2011). Often, a non-adequate scoring-and-ranking procedure has
been used in obstacle prioritisation methods, in which the focus was on facilitating upstream return

movements to spawning grounds for diadromous species (Kemp and O’Hanley, 2010). This procedure
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was found to be ineffective for assessing barriers, as the cumulative, non-additive impacts on fish
passage success is not taken into account (O’Hanley and Tomberlin, 2005).

Optimization based methods better suited to examine impacts of barriers have been used (e.g.
Pess et al., 1998; Kuby et al., 2005; O’Hanley and Tomberlin, 2005; Zheng et al., 2009). Pess et al.
(1998) developed a scoring-and-ranking method based on cost-benefit ratios, with benefits being
measured as potential gain in reconnected habitat or equivalent increase in fish production against the
direct financial costs of the project. Using a descending order of score and budget limits kept in mind,
basic procedure in scoring-and-ranking is to move down the ordered list, thereby selecting barriers
which can be removed until budget is met. It has been argued that catchment-scale barrier removal
methods are likely to be the most cost-efficient means to counter the impacts of freshwater systems’
fragmentation and impacts on the ecology of fluvial systems caused by barriers while maximising
potential restoration gains (Kemp and O’Hanley, 2010). Especially in urban areas, barrier removal
methods become increasingly difficult to realise because of economic, historical, societal or political
constraints. This generally does not apply to small in-stream structures, but more often for hydroelectric
dams and flow-gauging weirs (O’Hanley and Tomberlin, 2005). As such, restoring fragmented
freshwater systems and minimising impacts often involves barrier manipulation instead of complete
removal. One way to mitigate negative consequences on riverine ecosystems is by constructing

fishways.

1.5.2 Fishways to reduce river fragmentation

Construction of fishways is a measure often used to mitigate habitat connectivity losses for a broad
range of animals, including fishes. In this thesis, ‘fishway’ is used as a synonym for ‘fish pass’, in that
they both facilitate upstream as well as downstream passage for fishes. Some literature describes
fishways as the full suite of in-stream structures that pass fish upstream (e.g. Cooke and Hinch, 2013),
while other studies use the term fishways for structures intended to facilitate bi-directional movement,

such as Calles and Greenberg, 2009. Fishways have a long history in their design and efficiency, from
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rather primitive structures to increasingly sophisticated and efficient facilities, their costly design and
maintenance a product of collaboration between ecologists and hydraulic engineers (Odeh, 1999;
Castro-Santos et al., 2009) (Figure 1.6; Table 1.3). In essence, all types of fishways designed for
upstream passage decrease water velocity to within the swimming capacity of the target species by
dissipating energy in the flowing water, usually by increasing frictional drag. Furthermore, fish need to
be attracted towards the fishway entrance and fish need to be orientated adequately during upstream
movement. Noteworthy is one means of assisting fish in their passage over barriers. Relatively simple
trap-and-truck operations are used to assist fish in getting past the tallest obstructions, since no
traditional fishway designs have been found effective for fish trying to pass obstructions of such

dimensions (Muir et al., 2006).
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Figure 1.6: Steps involved towards a detailed fishway design in Britain. EIA: environmental impact assessment; NFPP:

National Fish Pass Panel; CBA: cost benefit analysis. Modified from Armstrong et al. (2010).
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Table 1.3: Approximate design costs for some common types of fishways in Britain. Modified from Armstrong et al. (2010).

Type of fishway Construction Project management
costs (£ K) (EK)
Baulks 5-25 1-5

Baffled - single flight, without 50-80 (80-100)  20-30 (20-30)
(with) complications
Baffled - dual flight with resting ~ 100-150 (150- 30-40 (30-40)

pool, without (with) 400)

complications

Pool and weir fish pass (> 1.5 m 200-500 30-60
head)

Vertical slot (> 1.5 m head) 350-500 30-60
Rock ramp 25-500 2-40

1.5.2.1 History and distribution

The earliest recorded fishway designs started in the 17" century (Clay, 1995), although even more
primitive versions are likely to have been built before that. In Europe, fishways were constructed as
early as the mid-18" century (Katopodis and Williams, 2012). In Norway, pool weir fishways or fish
ladders constructed specifically to facilitate salmon passage over natural falls date back to the start of
the 19" century (Berg, 1973). In its infancy, the focus of river managers was typically on economically
and culturally important migratory salmonids, and as such, many fishways were designed for this family
of fish. This is further indicated by the 1842 Fisheries Act in Ireland (amended in 1959), which required
weirs to have fishways designed to improve upstream passage for salmon, although knowledge of
criteria crucial for this purpose was limited. The Fisheries Act in Canada, enacted in 1868 and last
amended in 1985, provides guidance and requirements for coastline and inland fisheries management,
including fishway placements and in the United States, fishways are mandatory where hydropower
plants are in operation as stated in the Federal Power Act, amended in 1935 (Katopodis and Williams,
2012).

However, before the 20" century fishway designs and construction were not approached from a
scientific point of view. This is relatively late, as significant scientific advances were made in related
fields (e.g. hydraulics) before (Clay, 1995). A breakthrough happened in 1909, when Belgian engineer

Denil published the development of a new type of fishway, which had a more scientific basis. Since
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then, development of fishways included the study of fishway hydrological characteristics, and, later,
swimming behaviour and capacity of fishes, was included in the fishway design process. Still, it was not
until the late 1930s that a variety of fishway designs were scientifically tested, albeit an empirical
approach, for their efficiency by fish species native to lowa streams, under both model and full-scale
experimental setups (McLeod and Nemenyi, 1941). Another step forward in fishway design came with
the construction of fishways at Bonneville Dam, on the Columbia River in 1937 - 1938. Expertise on
fish behaviour and swimming ability was gained at fishways at different dams, and this experience
resulted in the design of more effective fishways for upstream migrating adult salmonids.

In the second half of the 20" century there has been increasing awareness for the problem of
habitat fragmentation and how to effectively reconnect impounded reaches. Consequently, fishways
were constructed which were more efficient than initial designs. Starting in the mid-20" century there
has been increasing attention paid towards downstream migrating juvenile salmon passing through
hydropower turbines. Much research has been done on the efficiency of fishways (especially on
upstream migrating salmonids) and, to a lesser degree, on the impacts of dams and weirs on
downstream passage since the 1950s (Stuart and Mallen-Cooper, 1999; Aarestrup et al., 2003; Castro-
Santos, 2005; Gauld et al., 2013). Although important advancements in fishway design have been
achieved, progress has not been rapid because of the gap in knowledge on biological requirements of
fish, which differs per species and life history stage. In recent times, studies have provided in more
detail how effective each type of fishway is for facilitating passage, whereby three major groups of

facilities can be distinguished, technical and nature-like fishways, and fish lifts/locks.

1.5.2.2  Technical fishways

Technical fishways differ from nature-like fishways in that they incorporate artificial flow reduction
elements (e.g. steps, baffles), whereby flow velocity is reduced to within the target species’ swimming
capabilities and such that fish are more attracted towards the fish pass entrance. As for all types of

fishways, costs involved vary substantially and are very site specific, and rise between downstream and
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upstream ends is often found to be a costly factor (e.g. Katopodis, 1992). Fish often locate these types
of fishways more easily compared to other fishways, due to flow regulation resulting in significant flow
at the downstream end of the fishway (Pratt et al., 2006; Naughton et al., 2007; Bunt et al., 2012). Pool
and weir fishways are one of the oldest, most widely used technical fishways globally (Clay, 1995), and
require little maintenance if built well. At sites limited by space, they can be built with multiple bends,
thereby drastically reducing space within a constrained area of development, while enabling a low
gradient (Larinier, 1998; Travade et al., 1998). Pool and weir fishways consist of a series of pools with
drop between pools from 0.10 m to 0.45 m based on the target species’ swimming capacities and
(leaping) behaviour (usually 0.30 m for salmonids) (Larinier, 1998). The overall fishway slope ranges
from more than 20% to less than 5%, but often - for salmonids - a gradient of 10% to 12% is used
(Bates, 1992; Larinier, 1992, 1998; Clay, 1995). Water can flow from pool to pool in a “streaming flow
type, whereby water follows a circulation pattern in the downstream pool, or a “plunging flow" type,
with turbulent mixing and a hydraulic jJump between pools (Larinier, 2002a, see Figure 1.7). The pools
not only dissipate energy contained in the flowing water, they also provide resting habitat for traversing
fish (Larinier, 2002a). Apart from weirs located between the pools, which typically use a plunging flow
type, traverses between the pools can consist of orifices, vertical slots, slot and orifice and chutes. More
variations of pool and weir fishways exist, but these are the ones used more common globally. In a pool
and orifice fishway, water flows between pools through submerged orifices in a rectangular sloping
channel. Although flow velocity and discharge is more stable compared to a pool and weir pass, it has

been argued that fish locating the orifices within the pools may be problematic (Larinier, 2002a).

b)

e o
K oS

Figure 1.7: Schematic design of a pool-weir fishway with plunging flow (a) and streaming flow (b). Source: Larinier

(2002a).
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The pool and orifice fishway is rarely chosen as a solution to fish passage problems. Often, they
are used in combination with other types of traverses, because orifices allow for fish to move between
pools via a different route, and because of the stabilising effect on fishway discharge that orifices have.
Vertical slot fishways (Figure 1.8) consist of a series of pools connected by vertical slots (one or two
between each set of pools). The vertical slot is, in essence, an orifice extending over the full height of
the baffle (Clay, 1995). Water jets are formed through the vertical slots, which often have a projection
on the upstream side to ensure a stable flow through the slot (Larinier, 2002a), and water is recirculated
in pools downstream of the slots. Vertical slot fishways are capable of functioning effectively
independent of most water levels. Vertical slot fishways have been built with gradients of 3-5% on the
Murray River, Australia, and were passing small fish (Mallen-Cooper, Zampatti, Stuart and
Baumgartner, 2008), and on the Fitzroy River in Queensland, Australia, where non-salmonid fish

ascended a 5% gradient vertical slot fishway (Stuart and Mallen-Cooper, 1999).
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Figure 1.8: Illustration of a vertical slot fishway. Modified from DPI - NSW (2015).

A vertical slot and submerged orifice combination, located on opposite ends of the traverse and
their position alternated from subsequent traverses, has been tested and used extensively in France
(Larinier, 2002a). A similar fishway design, with surface notches instead of deep vertical slots, and with
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alternating submerged orifices, has been successfully used in Germany and Switzerland for trout and
non-salmonid species (Jens, 1982). The last pool and weir fishway discussed here is the pool and chute
fishway. Traverses between the pools exist in part “V’ shaped forms in their upper section, and the
lower part of each traverse consisting of a rectangular slot (Bates, 1990). These partitions sometimes
include a submerged orifice on both sides of the slot. Under high flow conditions, plunging flow will be
located at the sides of this type of fishway, and water will show a streaming flow-type in the centre of
the fishway. This type of fishway is usually constructed with an average gradient of less than 10%
(Bates, 1990).

Other technical fishways are represented by baffle fishways, including ‘Denil’ fishways (Figure
1.9), named after Belgian engineer Denil as stated before. Baffles, arranged in varying complexity, are
located on the bottom, or on the bottom and sides of a relatively high slope (up to 20%) channel
(Larinier, 2002a; Armstrong et al., 2010), either in a straight slope (single-flight), without intermittent
pools of resting habitat, or with one or more pools present within the channel (multi-flight). The baffle
arrangement causes a development of helical currents, thereby dissipating the flow energy with great

success and slowing down flow velocity through the fishway.

diffusing screen
notch in weir crest to attract fish

Figure 1.9: lllustration of a plane baffle Denil fishway. Modified from DPI - NSW (2015).

Although suitable for a variety of fish with stronger swimming capacity, the relatively high
velocities typically found in these types of fishways are argued to reduce its efficiency for poor
swimmers (Larinier, 2002a; Bunt et al., 2012). Plane baffle Denils, whereby baffles are placed at a 45°

angle to the channel slope on the bottom and side of the fishway, are among the fishways most
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commonly used on the east coast of America and in Europe. They are constructed with an average
gradient of ca. 14% (Noonan et al., 2012), although slopes may be between 15 and 20 percent as well
(Larinier, 1992). Energy expenditure for fish traversing Denil fishways is more related to steepness than
length (Mallen-Cooper and Stuart, 2007), and passage success for non-salmonids has been found to be
lower compared to other types of fishways, often with a lower gradient (Noonan et al., 2012).

A widely used bottom baffle fishway, especially in France and more recently in Great Britain
and Japan (Larinier, 1990; Armstrong, 1996), is the super-active baffle (SAB) fishway (Larinier and
Miralles, 1981; Larinier, 2002a, Figure 1.10). Compared to plane baffle Denils, the SAB fishway, with
a maximum slope of 16%, is relatively wide and shallow with multiple juxtaposed thin baffles, arranged
in a herringbone pattern (Figure 1.10), which allows for adequate attraction flows leaving the fishway
(Larinier, 2002a) while still dissipating energy in the water column, thereby reducing mean flow
velocity. Based on design characteristics, it is argued that this type of fishway passes a wide range of
fish species. However, very few field studies have been undertaken on the efficiency for facilitating fish
passage of this increasingly popular fishway. There is some evidence that the design attracts migrating
adult river lamprey to the entrance adequately, but that none of those attempting to pass were successful

(Aronsuu et al., 2015).

flow
direction

Figure 1.10: Illustration of a Larinier SAB fishway. Modified from Barn Energy Hydropower (2015).
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Knowledge on the effectiveness and characteristics of side-baffle only fishways is very limited.
Usage of this type of fishway is rare and it has been argued that only adult salmonids are able to pass it

(Anon, 1942; Larinier and Miralles, 1981; Armstrong et al., 2010).

1.5.2.3  Specialist fish passes

Specialist situations require atypical fishway designs. For catadromous young eels, migrating upriver
towards their feeding grounds, specially designed fish passes are aimed at facilitating passage over
barriers. Anguillid fish (e.g. eels, lamprey) have lower burst swimming capability relative to fusiform
morphotypes (e.g. McCleave, 1980; Langdon and Collins, 2000; Mesa et al., 2003; Wuenschel and
Able, 2008; Russon and Kemp, 2011). Facilities with anguilliform morphotypes as target species have
been developed in many parts of the world, including Europe, Canada and New-Zealand (Porcher,
1992; Clay, 1995; Mitchell, 1995). Some examples include placement of a 100 mm PV C pipe filled
with 12 mm polypropylene ‘bottle-brushes’ on a 68 m high dam on the Waikato River, New Zealand
(Mitchell, 1995). Since young eels are able to climb sloping or even vertical wetted surfaces, especially
if the area is covered with algae or moss, the slope of these types of specialist fish passes may be higher
compared to conventional fishways. It is advised that the slope does not surpass 57% for flow velocities
to not exceed swimming capacities of eel (Legault, 1992). The gradient can be greatly reduced by
increasing fishway length using bends.

Also used in New Zealand was a similar pipe with coarse aggregates glued to the inside, so that
water may flow down the base while enabling young eels to climb using the rough surfaces and wetted
margins (Gibson and Boubee, 1992). In Denmark, pipe and box-section passes were created by filling
them with fibrous climbing material or geotextile mats of synthetic fibres (Rigaud et al., 1988; Dahl,
1991). O’Leary (1971) and Tesch (1977) reported the use of brushes to create substrates in boxed
channels (‘eel ladders’). These ladders may be open (although predation and vandalism may be a
complicating factor, and illumination conditions may discourage species from moving) or closed

(although maintenance of the fishway may be more difficult).
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Some decades ago, natural substrates (e.g. heather, straw and hay) have also been used in eel
passes (Tesch, 1977; Dahl, 1991), but they now appear to be inferior to artificial materials due to
deterioration and necessitating frequent replacement (Solomon and Beach, 2004). Presently, brush mats
are often used as substrates, and Legault (1992) observed both sloping and spacing of the tufts of
bristles to have an effect on small eels (of 223 mm mean length) ascending the ramp. Using colour
implants in over 4000 young eels, Drouineau et al. (2015) reported a brush eel ladder in southwestern
France, 6 m long with slopes at a 45° angle, to be passing young eels inadequately, mainly due to the
eels having trouble locating the ladder. River flow had a high impact on the probability of eels to pass
the ladder. In an experimental setting, Kerr et al. (2015) observed increased passage rates of small (82-
320 mm) and large (322-660 mm) European eel and adult (291-401 mm) river lamprey over a Crump
weir with side-mounted vertically oriented bristle boards, although interspecific variation in efficacy
existed.

At an intertidal weir, Piper et al. (2012) found upstream eel passage in the presence of plunging
flow to be twice as high as with streaming flow. Since roughly a decade, the placement of polymer
studded tiles has been used to help anguillid fish in overcoming barriers, since bristles may clog with
debris more easily over time, and may potentially be less effective during high flows. The tiles are
usually placed in a grid pattern on the downstream facing slope of weirs. The studded boards may be
designed in a layout with dual diameter stud dimension set at two different densities, and thus facilitates
passage for a wider range of fish sizes. Although in situ experiments are lacking in quantity,
experimental settings have demonstrated increased passage for lamprey using studded tiles on the
downstream face of a Crump weir (Vowles et al., 2015).

Few specialist fish pass designs have been developed for suction aided climbers, such as the
Pacific lamprey (Lampetra tridentata). These lamprey struggle making headway against high flows. In
difficult passage situations, they use their oral suctorial disc and exhibit burst-attach-rest cycles (Keefer
et al., 2010). At the Bonneville Dam in the Columbia River, USA, they found that pacific lamprey

(Entosphenus tridentatus) were unable to climb vertical (90°) steps, since they could not release their
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hold, lunge forward and re-attach before being swept downstream (Wills and Anglin, 2012). Several
modifications were done at the dam, consisting of a keyhole shaped entrance weir to reduce flow
velocity near the bottom for bottom-orientated lamprey, while maintaining higher flows in the top water
column for attraction of salmonids. In addition, the floor just after the ladder entrance was covered with
bollards, so as to further reduce flows and provide attachment substrate for lamprey. Moser et al. (2011)
found that specific modifications done to the Bonneville Dam increased the number of successful passes
by Pacific lamprey through the ladder system. For example, when a 3.8 m long 40° angle ramp was
replaced with two 1.4 m long aluminium ramps with even greater angle of inclination each (45°), but
with a large holding box in between to promote resting and to prevent lamprey from being swept
downstream, passage rates improved and median passage time decreased.

In laboratory experiments it was observed that lamprey attachment was most effective on
smooth, hard substrate, such as polished aluminium used at the Bonneville Dam (Adams and Reinhardt,
2008), and that Pacific lamprey were found to successfully ascend 2 m high vertical aluminium walls
(Kemp et al., 2009). Low flow passing over short, steep ramps was found to be optimal for Pacific
lamprey climbing effectiveness (Reinhardt et al., 2008). Noteworthy is that increased passage success
over time over the Bonneville Dam can be contributed to the aluminium structures becoming more
acceptable to Pacific lamprey as they become older (Moser et al., 2011). This may occur because
lamprey have well-developed oilfactory systems because of which they may be hesitant to approach
newly installed (metal) substances (Dittman, 2005). The various specialist fishway designs discussed
above are a product of close collaboration between biologists, engineers and river managers, and have

resulted in more preferred conditions for anguillid fish” barrier traversion.

1.5.2.4 Fish lifts and fish locks

At some large dams it is uneconomic to build a conventional fishway whether technical, nature-like or a
combination (a good example of the latter, at a large dam is that at Itaipu Dam, Parana River, Brazil and

Paraguay). A fish lift (Figure 1.11) aids fish in their upstream passage at medium- to high-head dams,

52



by attracting and then trapping migrating individuals in a tank at the obstruction’s base, whereby fish
guidance screens and re-entrant devices are utilised to maximise fish retention, displacing the fish
vertically by an electric winch and finally releasing the fish upstream (Santos et al., 2002). This release
can be either directly into the headwater, or else into a channel connecting to the upstream
impoundment, allowing the fish to orientate thus helping prevent fish to pass back downstream
(Travade and Larinier, 1992; Croze et al., 2008). Usage of fish lifts in the UK is very rare but several
exist for adult salmonids in Scotland at hydropower dams. More can be found in France and the USA,
where they are mainly used to alleviate passage problems for shad (Barry and Kynard, 1986; Cada,
1998; Santos et al., 2002; Sprankle, 2005). The dimensions of the tank are dependent on the (dis)ability
of some fish species to tolerate confinement and on the density of fish to be lifted. Several types of lifts
exist to meet differences in these criteria (Armstrong et al., 2010). Although a wide range of fish
species can be accounted for by using a fish lift, operational and maintenance costs are often high and
the system’s operational cycle reduces its efficiency (Larinier, 2001; Croze et al., 2008). Still, they are
currently considered the most cost-effective technical solutions, both economically and biologically, for

improving upstream fish passage at high-head dams (Lucas and Baras, 2001).
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Figure 1.11: lllustration of a fish lift. Source: Kleinschmidt (2015).

Fish locks (Figure 1.12) are used at high-head dams and operate by first keeping the gate at the
headpond and the gate at the downstream end open, allowing fish to swim into the upstream and

downstream chambers. The downstream gate is then closed, which fills the lock with water until it
53



matches the upstream level during which fish may move to the upstream chamber. Manipulation of flow
at the upstream inlet gate induces an attraction flow across the upstream sluice, encouraging fish to
move into the headpond (Travade and Larinier, 1992; Larinier, 2002a). The efficiency of a fish lock is
mainly dependent on fish behaviour: fish have to remain in the downstream chamber during the first
phase (attraction), then, during the filling stage, are required to lift with the rising water level to the
upstream chamber and subsequently leaving the fish lock facility before it empties. In France and in the
USA, fish locks have, increasingly, been replaced by pool and weir type fishways, since the former

were found to be ineffective (Marmulla, 2001).
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Figure 1.12: Hlustration of a fish lock. Modified from DPI - NSW (2015).

It can be concluded that fish lifts and fish locks can potentially offer solutions to fish passage
concerns at high-head dams, where more conventional fishways are unrealistic, although their

efficiency varies greatly between fish species and their operation may be costly and discontinuous.
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1.5.2.5 Nature-like solutions

This group of fishways aims to mimic natural streams as closely as possible (e.g. Jungwirth, 1996;
Eberstaller et al., 1998; Schmutz et al., 1998; Calles and Greenberg, 2007). They can also contain
elements that are found in technical fishways (Bunt et al., 2012; Katopodis and Williams, 2012).
Nature-like fishways are often low-cost solutions (much of the construction costs are attributed to
manpower) and require relatively little maintenance if placed in an erosion-mild channel (Table 1.3).
They can become expensive quickly, as their typical low gradient design requires relatively much land
area. Many forms of nature-like fishways exist. One of the most constructed nature oriented fishways is
the rock ramp (Thorncraft and Harris, 1996; Harris et al., 1998), which mimics flow conditions in
rapids, cascades and/or riffles. Constructed at part and full channel-width (Figure 1.13 and Figure 1.14,
respectively), they may be stable even under high flow conditions. Roughness of the channel bed is
increased by natural features (e.g. boulders, cobble), which reduces average velocity and provides local
routes of low velocity to facilitate upstream passage by fish species that are unable to swim against
currents over smooth structures (Lucas and Baras, 2001; Bunt et al., 2012). The coarse substratum
provides more resting habitat and creates increased variation in flow velocities, which facilitates
passage for different age groups of fish. It has been reported that under low-flows, rock ramps passed
small-sized and juvenile migrant fish, whereas higher flows are required to allow larger fish to ascend
the fishway (Harris et al., 1998). Rock ramps are considered passable for a relatively wide range of fish
species, have low maintenance costs and high operational availability (Ing and Gebler, 2007; Armstrong
et al., 2010). Their efficiency in attracting fish is often inadequate for part-width rock ramps, but after
successfully entering, fish are likely to ascend them successfully (Harris et al., 1998; Bunt et al., 2012).
When used at full channel width, fish attraction is less of a problem. Small fish have been recorded to
ascend rock ramps successfully, during which the interstitial spaces between boulders and cobbles are

exploited (Gebler, 1998; Harris et al., 1998).
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Figure 1.14: lllustration of a full width rock ramp fishway. Modified from Thorncraft and Harris (2000).

Another form of a nature-like fishway widely used in North America and particularly in Europe

(Parasiewicz et al., 1998) is the nature-like bypass channel (Figure 1.15), an artificial channel of more
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or less natural components diverts part of the flow, whereby a channel regime is created similar to that
of natural streams (Jungwirth, 1996; Parasiewicz et al., 1998). Rock weirs may dissipate flow energy
when placed at regular intervals to create pools within the bypass channel, while a variety of substrate
particle sizes, and instream and riparian vegetation colonisation are facilitated. Bypass channels,
because of their heterogeneous structure, provide a variety of depths and flow velocities, thereby
accommodating a wide range of aquatic biota, including fish, in their downstream as well as upstream
passage (Aarestrup et al., 2003; Katopodis, 2005; Katopodis and Aadland, 2006). Bypasses may
improve river connectivity, but also provide additional spawning and nursery habitat, or may improve
recreational activity (Katopodis et al., 2001; Kondolf et al., 2007). Nature-like bypasses are generally
considered to not only aid species in their upstream migration, but also to facilitate downstream

passage.
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Figure 1.15: lllustration of a nature-like bypass channel. Modified from Thorncraft and Harris (2000).

However, there has been evidence of some bypasses which were found to be unsuitable for
certain species under certain conditions. Aarestrup et al. (2003) reported more than 90% of upstream-
searching sea trout tagged during their study located and entered the bypass channel, but only ca. 50%
of those successfully ascended the channel. They argue that both the bypass channel’s length and
inadequate flow in the bypass channel may be causing this inefficiency. Another study found that over
57000 fish of 35 species traversed a 400 m long bypass channel consisting of 12 nature-like pools on

the Marchfeldkanal-system, a man-made irrigation channel situated in Austria. However, only six out of
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15 radio-tagged pike-perch (Sander lucioperca) located the bypass channel, and none of them entered it.
Schmutz et al. (1998) argued that although pike-perch migrate actively, the bypass channel under their

study conditions does not function for this species.

1.5.2.6  Solutions facilitating downstream passage

While upstream passage is often paid more attention compared to downstream passage, every type of
fishway is potentially usable as a facility for upstream and downstream movement. Fish passing
downstream through hydropower turbines may be subject to various forms of stress, which may cause
mortality (Larinier, 2001). These stress events include sudden acceleration or deceleration, pressure
variations, cavitation and probability of shocks from turbine parts such as guide vanes, vanes or blades
on the wheel (e.g. Bell, 1981; Monten, 1985; Larinier and Dartiguelongue, 1989; EPRI, 1992. See
Figure 1.16). Juvenile salmonids, passing through Francis and Kaplan type turbines, showed varying
mortality rates, depending on the size and species of fish, head difference, properties of the wheel (such
as diameter, rotation speed) and operational conditions (Larinier, 2001; Ferguson et al., 2005). Fishes
with a more elongated shape, such as adult eels, experience higher mortality rates in large low-head
turbines when compared to those of juvenile salmonids (range of 10 - 20% against O - 4%, respectively)
(Desrochers, 1994; Hadderingh and Bakker, 1998; Ferguson et al., 2005; Buysse et al., 2015). Passing
downstream through small turbines resulted in at least 50% mortality for adult eels (Larinier and
Dartiguelongue, 1989). Larinier (2001) describes that through regulation of the pressure in the swim
bladder through the respiratory system, physostomous species (such as salmonids, cyprinids and
clupeids) are able to resist sudden variations in pressure. By contrast, percids (and other physoclistic
species) may regulate pressure in the swim bladder as well, albeit through gaseous exchange with the
swim bladder’s blood vessels. This is a much slower process than what is used in physostomous species
- thereby risking rupturing the swim bladder when confronted with a sudden change in pressure -, partly
explaining increased susceptibility of physoclistic species to pressure variations (Tsvetkov et al., 1972;

Larinier and Dartiguelongue, 1989).
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In more recent years, research on turbines has led to the development of fish-friendly turbines
which use features such as physical barriers and screens, curtains of air bubbles, electric screens, sound
and light to attract or diverse fish (Hocutt, 1980; Turnpenny et al., 1998; Lucas and Baras, 2001;
Ferguson et al., 2005; Vowles and Kemp, 2012). Physical barriers and screens, often used to prevent
debris and aquatic biota from entering water intake structures, may cause entrainment, entrapment or
impingement of organisms. Entrainment occurs when an organism is drawn into a water intake as part
of the volume which it occupies; entrapment refers to the physical blocking of entrained organisms by a
barrier; lastly, impingement occurs when the entrapped organism is held in contact with the barrier
(Hanson et al., 1977). Although consequences for individual fish are severe (major injuries, often
mortality), impacts of entrainment, entrapment and impingement on fish populations have been reported
to be small relative to other threats, including overfishing and habitat destruction (Barnthouse, 2013).
Other studies, such as Pedersen et al. (2012), provide evidence of severe losses of adult silver eel due to
entrainment, entrapment and impingement in combination with other problems related with eel passage

at a reservoir and hydropower station.
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Figure 1.16: Schematic of possible impacts for fish of passing through a hydropower turbine. Modified from Sensor

Products Inc. (2015).
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Fishes moving downstream may also be confronted with spillways at dams. Passage through
high spillways especially may be a direct cause of injury or death, or may indirectly affect fish through
increased susceptibility to predation resulting from disorientation or shock effects (e.g. Ruggles and
Murray, 1983). Shearing effects, turbulence at the base of the barrier, physical impact, sudden changes
in velocity and pressure upon collision with the water surface (Bell and Delacy, 1972) and abrasion are
all causes of mortality when passing through a spillway (Larinier, 2001; Ferguson et al., 2005). Bell and
Delacy (1972) found that the critical velocity a column of water needs to obtain before causing
significant damage to falling fish (injuries to gills, eyes and internal organs), is reached after a drop of
13 m. Under free-fall conditions, outside of the water column, large fish do not experience any
difference in hazards compared to when contained in the water column, but small bodied fish generally
are less impacted under free-fall conditions (Larinier, 2001).

One system often constructed with the aim to facilitate downstream passage especially, is the
surface flow bypass system (Lucas and Baras, 2001; Wertheimer, 2007), defined as ‘surface-oriented
forebay outlets that provide sufficient depth, velocity and volume to attract and pass fish (downstream)’
(Ferguson et al., 1998). It usually consists of a surface collector to channel (or uses screens to guide)
fish into a gently sloping channel which leads the fish to the tailrace, past the barrier, without risking
injury (Figure 1.17). It is most effective if the dam layout allows for a favourable location for the
bypass entrance, where fish are able to locate it with relative ease (Clay, 1995). Life stages of some
species, such as salmon smolts, are generally located near the surface of deep water as they migrate
downstream, behaviour that the bypass system uses to be efficient (e.g. Wertheimer, 2007). Although
this position in the water column is where most juvenile salmon are located (not surprisingly, in Europe
and North America most focus in this field of migration behaviour is skewed towards members of the
family Salmonidae), some fish, such as downstream migrating silver eel are mainly positioned near the
river bed (Coutant and Whitney, 2000) while young lamprey are distributed throughout the water

column. Downstream-migrating adult ‘silver’ eels are positioned near the river bed and have, to date,
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provided a major challenge in facilitating their safe downstream migration past dams and water offtakes

(Piper et al., 2012).

Channel

Figure 1.17: lllustration of a surface flow bypass system. Modified from FWEE (2015).

1.5.2.7 Evaluation of fishway efficiency

As fishway efficiency is highly dependent on biological factors (e.g. fish species and related swimming
performance, life history stage) and environmental factors (e.g. water level and discharge, turbulence,
head difference, gradient) and as design, operation and maintenance is often costly, it is imperative for
fishways to operate efficiently for a wide range of fish species if river connectivity is to be restored
(Calles and Greenberg, 2009; Roscoe and Hinch, 2010; Bunt et al., 2012; Noonan et al., 2012). Often,
fishways are built to facilitate upstream passage solely, though some nature-like fishway designs
achieve (near) bidirectional passage. Although fishway construction as a means of alleviating river
fragmentation has become increasingly popular over the last few decades, fishways, once constructed,
often are left poorly evaluated (if at all) under field conditions. Often, there is limited knowledge on the
obstruction’s impact on fish migration before and after adding a fish passage device, and the
effectiveness of fishways for fish species occurring in the relevant watercourse (Cooke and Hinch,
2013). There is a need to critically assess fishways, using scientific methodologies (i.e. pre- and post-
installation evaluations and where possible including reference controls) under field conditions, so that

more knowledge on effective river connectivity restoration becomes available. This is especially urgent
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in protected watercourses, wherein conservation of vulnerable and threatened fishes is of great
importance.

For a fishway to be efficient, Cowx and Welcomme (1998) considered it should meet the
following criteria: a) Enable bidirectional passage for all migratory species, including those with poor
swimming capability, over the entire length of the fishway, thus providing refuges from high flow at
regular intervals dependent on fish swimming endurance; b) Operational during the whole year, with
flow, temperature and oxygen fluctuations, notably to enable flood-displaced fish to resume their initial
spatial position; ¢) Upstream ascents in high quantities, for example during spawning or trophic
migrations, should not be impeded by limited carrying capacity of the fishway; d) Fish have to be
attracted to the fishway entrance, while deterring them from potential harmful or lethal environments; e)
Fishway entrance has to be positioned in such a way that it is readily accessible to migrants; f) Prevent
fallback, in that fish having ascended the fishway are not swept downstream or damaged, by not
positioning the outlet of the fishway too close to spillways and turbines.

Of paramount importance for the overall efficiency of a fishway are two key elements: attraction
efficiency and passage efficiency, the former being the proportion of migrating invididuals available
that locate the fishway, the latter the number of individuals that successfully passed the fishway as a
proportion of those that entered (Bunt et al., 1999; Larinier, 2001; Lucas and Baras, 2001; Castro-
Santos and Haro, 2010; Roscoe and Hinch, 2010). Few studies have attempted to set targets or standards
for fish pass performance. For the lower Columbia and Snake rivers in western USA, dam survival
standards of 96% for spring migrating fish, and 93% for summer migrating fish have been set
(Bonneville Power Administration (BPA), 2013). Lucas and Baras (2001) suggested 90-100% attraction
and passage efficiency may be needed for diadromous fish species, but more specific targets are needed
that take better account of habitat suitability and access (Lucas et al., 2009). Some researchers also
consider a third facet, entrance efficiency, referring to the proportion of individuals in the locality of the

fish pass entrance that actually enter it, thus distinguishing between behaviour that guides the fish to the
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entrance vicinity and that which elicits entry (Noonan et al., 2012), which may be particularly relevant
in large rivers.

At poorly designed fishways a fish often stages an attempt more than once, whereby the
probability of a given fish successful in passing a barrier increases exponentially with total number of
attempts made (Castro-Santos, 2004; Haro et al., 2004). Using white sucker (Catostomus commersoni)
and walleye (Sander vitreus) in an experimental flume 23 m long with flows ranging from 1.5t0 4.5 m
s, Castro-Santos (2004) found attempt rate to vary between species, attempt time (time taken to stage a
given attempt) and duration of holding. Flow velocity and discharge in the flume had an effect on
attempt rate. With recognition of fishways or barriers that require fish to exhibit burst swimming (by
anaerobic metabolism) or those that can be traversed using sustained swimming (aerobic metabolism),
energetic costs of staging multiple attempts may vary substantially based on swimming mode (Webb,
1975). Fish may abandon efforts to pass the barrier or fishway, generally assumed due to fatigue,
although fish may choose to abandon attempts before fatiguing to save energy reserves for future
attempts (Castro-Santos et al., 2000). Resting pools in a fishway increase delay and number of
successful attempts a fish has to make to ascend the whole facility, and the usefulness of adding these
pools to fishway designs has been debated for a range of species including lake sturgeon (Acipenser
fulvescens; Thiem et al., 2011), bony herring (Nematalosa erebi), silver perch (Bidyanus bidyanus,
golden perch (Macquaria ambigua; White et al., 2011) and walleye (Bunt et al., 2000).

Another important criterion for a fishway to be effective in passing fish with minimal impact is
that it should minimise migration delay. Migration delay is the difference in time taken by a fish to
traverse an obstruction and the time required to move the same distance in an unobstructed stretch of
river (McLaughlin et al., 2013). The degree to which an in-river structure functions as an obstruction
can be related to the amount of delay associated with the obstruction (Castro-Santos and Haro, 2003,
2010; Castro-Santos et al., 2009). It has to be kept in mind that certain anthropogenic structures were
constructed at or near waterfalls or rapids, and so would have naturally provided challenging conditions,

especially for fish with poor swimming capacity. For both upstream- and downstream-migrating fish,
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delay may occur when fish are searching for the fishway entrance (Gowans et al., 2003; Thorstad et al.,
2003; Foulds and Lucas, 2013), move through habitat located above the obstruction (e.g. a dam’s
reservoir) or during the fishway pass-through, particularly when repeated attempts are necessary before
successful ascent (Pon et al., 2006; Foulds and Lucas, 2013). When an obstruction is removed entirely,
certain features that remain may still hinder fish movement and so delay migration (e.g. thermal or
predator barriers, or high flow velocities) (McLaughlin et al., 2013). Although delay has been measured
indirectly by comparing distances travelled per unit time in unobstructed river stretches with those in
sections where obstructions were present (Raymond, 1968), usually delay is measured directly in hours
or days (Lucas and Frear, 1997). Earlier studies have mentioned ‘allowable delay periods’ of 3 days
(Bates, 2000; Rowland et al., 2003), 3 days every 10 years (DFO, 2007), 6 days (Bates, 2000) and 7
days every 50 years (DFO, 1996). Castro-Santos (2004) reported that 6 h delay period is acceptable for
fish with strong diurnal constraints or with brief migratory periods, and up to days or weeks for those
that spend longer in fresh water.

Although the impact migration delay has on fish populations is poorly understood, evidence
arises to an increasing extent showing a reduced Darwinian fitness and affected population dynamics as
consequences of prolonged delay (McLaughlin et al., 2013). More specifically, fish may be
congregating below an obstruction or even a working fishway since barrier/fishway passage is often
more time consuming than the rate at which fish arrive. Often, densely populated clusters of fish are
created, thereby risking increased predation pressure from piscivorous predators (Jepsen et al., 2000;
Schreck et al., 2006; Waples et al., 2008; Branco et al., 2011). Substantial impacts of predation by
cormorants have been reported on the age and size structure of populations of several large-bodied fish
species (Skov et al., 2014), which may potentially occur in increasing rate downstream of obstacles to
fish movement. Increased intraspecific and interspecific competition for space and higher risk of disease
transfer due to crowding or stress-related immunodepression may also result from prolonged delay
(Bunt, 2001; Aarestrup and Koed, 2003). Studies have shown that due to unfavourable water

temperatures (Bentley and Raymond, 1976), flow conditions (Hinch and Bratty, 2000), ionic
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concentrations (Ebel, 1977) or saturation of nitrogen gas (Raymond, 1979; Dauble and Mueller, 1993)
fish may be faced with challenging physiological conditions when delayed. Increased energy
expenditure during spawning migration as a result of migration delay may hinder successful
reproduction (Caudill et al., 2007; Schilt, 2007).

Migratory species often have an evolutionary selected timing of arriving at certain destinations,
which may be disrupted (Garcia de Leaniz, 2008; Marschall et al., 2011). For downstream migrating
adults, increased post-spawning mortality may arise due to migration delay, reported to be problematic
for iteroparous species especially, such as American shad (Alosa sapidissima) (Castro-Santos and
Letcher, 2010). For many species, juvenile fish can maintain their preparedness for transition to the
mode of osmoregulation needed for transition into the marine environment (McCormick et al., 1998;
Whalen et al., 1999) and thermal tolerance (Zydlewski et al., 2005) in fresh water only for a brief
period. Downstream migrating smolts experience increased mortality rates if the marine environment is
not reached before the “smolt window” ends (Castro-Santos and Haro, 2003). Other elements - beyond
efficiency, delay and attempt rate - determine the degree to which a fish pass is performing
satisfactorily, and these are considered in Section 1.5.3.

Although fishways have been designed and used for centuries, evaluations of fishway efficiency
are still lacking (Clay, 1995). Often, fishways do not perform adequately because of certain key points,
as identified by Larinier (2002b): a) attraction to the fishway is often poor as a result of the fishway’s
position in the watercourse, the orientation of the fishway entrance in relation to the main river flow, or
a lack of attraction flow leaving the fishway being a minor proportion of the discharge in the
watercourse; b) upstream and downstream variations in water levels may have been poorly understood,
causing a lack or a surplus of flow to the fishway and possibly a considerable vertical drop at the
entrance. This problem may originate from non-adequate appreciation of water levels when planning
the construction of the fishway, or may be the result of environmental changes such as erosion of
riverbed downstream, or the dam operating differently; c) build-up of debris in the fishway, or as a

blockage at the entrance, resulting from a position in the watercourse susceptible to debris build-up,
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poor protection against debris, or infrequent and low-quality maintenance by the operator. A lack of
water flow into the fishway as a result of floating debris build-up may hinder fish passage, an issue
especially relevant to pool-weir and baffle fishways; d) dimensions of the fishway that do not comply
with discharge in the watercourse. In the case of pool-weir constructions, insufficient pool volume may
result in increased turbulence (and aeration), a lack of depth for efficient passage, excessive drop
between pools, or flow characteristics not meeting criteria for target species; e) components of the
fishway which regulate discharge and drops between pools, such as automatic sluice gates, or
components that are crucial for a facility (fish lifts and fish locks are examples) to be operational for
fish passage.

Apart from these factors mostly based on adequate design principles, external problems may
arise during the lifetime of a fishway that may lower its efficiency in facilitating passage. A common
example is a change in flow characteristics at the base of the obstruction which differ from those
encountered during the project planning phase, which may alter fish behaviour and so influence fish
attraction towards the fishway (Larinier, 2002b). Katopodis and Williams (2012) discussed that often
the hydraulic characteristics of a fishway and the degree to which these meet the requirements of

targeted (age groups of) fish species is the most important criterion for effective fish passage.

1.5.3 Consequences of fish passage often overseen

Even when a fishway has been evaluated and determined to pass a high proportion of (target) species
that attempted to pass, there may be unintended consequences and trade-offs associated with successful
fishway usage. The science of fish passage is evolving rapidly, and studies have shown that alleviating
habitat fragmentation by providing fishways or removal of obstructions can help restore important fish
populations and the ecosystem services they provide (e.g. Bednarek, 2001; Graf, 2003). However, it is
important that unintended consequences and trade-offs of fish passage must be kept in mind, also during
post-construction evaluation of the fishway. Benefits and costs may vary from one site to another,

making accompanied decisions context dependent.
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1.5.3.1 Ecological traps

One unintended consequence of providing effective fish passage may be in the form of ‘ecological
traps’, whereby an environmental cue, often (ultimately) caused by anthropogenic activities, increases
the likelihood of animals selecting a habitat where their Darwinian fitness is low compared to an
alternative habitat where their fitness is higher (McLaughlin et al., 2013). Pelicice and Agostinho
(2008) reported fish that ascended a fishway in the upper Parand basin in Brazil and subsequently
became ecologically trapped after having met four conditions, which are uniform and may lead fish into
poor quality habitats, thereby reducing their fitness and risking population decline or extinction. These
conditions include: a) an attractive force that promotes fishway ascents; b) a unidirectional migratory
movement by the fishes; c) recruitment conditions downstream of the fishway must be of good status;
d) recruitment conditions upstream of the fishway must be of poor status.

Studies in the USA on Chinook salmon (Oncorhynchus tshawytscha) (Boggs et al., 2004), in
Denmark on brown trout (Aarestrup and Jepsen, 1998) and in Finland on Atlantic salmon (Salmo salar)
(Jokikokko, 2002) show some of these conditions to be met. An ecological trap can also occur when,
following spawning, the young, downstream migrating fish experience high mortality rates through the
fishway or over the obstruction (Smyth, 2011), or when a significant proportion of the adult fish perish

when migrating back downstream (Castro-Santos and Letcher, 2010).

1.5.3.2 Fallback

Another unwanted effect of fish passage is fallback, which takes place fregently across different
taxonomic families (McLaughlin et al., 2013). During or following a fishway ascent or descent, a fish
may reverse direction and swim back in the direction from which it came. Disorientation, lack of
motivation or physical inability/low energy reserves due to fishway usage or initiating a change in
direction to explore other river branches may be causing fallback (McLaughlin et al., 2013). Frank et al.
(2009) showed fallback to cause additional delay during migration, which in turn leads to several
ecological impacts. Fallback affects fish also by increasing the risk of physical injury as a result of
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multiple uses of the fishway or by traversing the obstruction through a turbine or spillway. Injuries
endured in this way can potentially hinder the chances and timing of reproduction for fish on their
spawning migration (Berg et al., 1986; Reischel and Bjornn, 2003). Furthermore, passing through a
fishway depletes energy reserves, which is a point of concern in inefficient fishways especially. This
limited resource may decrease quickly when passing a fishway more than once (Reischel and Bjornn,
2003), especially for fish which do not feed during their upstream migration. From a more practical
point of view, fallback may result in inflated numbers and proportion of fish that used the fishway if no
method is used that allows for identification of each fish individually (Burke et al., 2004; Frank et al.,

2009).

1.5.3.3 Selective passage

Fishways should be designed primarily to facilitate passage for a wide range of fish species, not only
those which exhibit obligatory migratory behaviour, but also to support facultative migration and
dispersal of non-migratory populations, to re-establish more natural patterns of longitudinal
connectivity. Evidence from previous studies shows however that species selectivity is present at a high
proportion of fishway designs, whereby relatively strong swimmers such as salmonids show higher
proportional passage success than weaker swimmers (e.g. many non-salmonids) (Mallen-Cooper and
Stuart, 2007; Armstrong et al., 2010; Roscoe and Hinch, 2010; Noonan et al., 2011; Bunt et al., 2012).
Even within species not all individuals successfully use fishways, indicating a selectivity

process on phenotypes and/or genotypes (Noonan et al., 2011; Bunt et al., 2012), for example a
selection on larger fish (Volpato et al., 2009). Due to challenging local habitat features, such as flow
conditions or weir dimensions (Poff and Hart, 2002; Pratt et al., 2009), and fishway design and
operation (Pratt et al., 2009; Noonan et al., 2011; Bunt et al., 2012), variations in passage success for
different phenotypes and/or genotypes is expected (McLaughlin et al., 2013). Also, not all individuals
of a population will have equal abilities to locate the fishway entrance and to successfully use the

fishway, nor will they be equally motivated in passing the obstruction.
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A consequence of selectivity in successful passage by fishways is a possible change in biotic
community composition above (or, less likely, below) the obstruction, a point of concern when the
broader ecosystem is to be improved. Also, selective passage may favour certain genotypes more than
others which leads to differences in Darwinian fitness among genotypes (McLaughlin et al., 2013). Two
processes have been argued to be important by McLaughlin et al., 2013: Darwinian debt and
evolutionary suicide. The concept of Darwinian debt involves the further evolution of traits that must be
repaid as a response to the evolutionary consequences of a selective anthropogenic process (e.g. size-
selective overharvest), before a population can restore its lost fitness (Walsh et al., 2006; Waples et al.,
2008). In the case of river fragmentation, strong selectivity may occur on multiple generations of fish
due to in-river obstructions. Genotypic selectivity is thus applied for traits which are most suitable for
an obstructed river with fishways installed. In the case of obstruction-removal, or when habitat
fragmentation is alleviated due to an effective fishway, further evolutionary processes must occur in the
population to restore the lost traits more associated to an unobstructed environment in order to adapt to
new environmental conditions (Waples et al., 2008).

Darwinian fitness may further be impacted by evolutionary suicide, an evolutionary process
where a viable population undergoes certain adaptations that over time will lead to its extinction
(Gyllenberg and Parvinen, 2001). Within a population, certain individuals may undertake migration,
while others may remain resident (so-called ‘partial migration’), and this difference is likely determined
by the ratio of fitness costs and benefits of migration against the costs and benefits of staying resident.
The fitness costs of migration may increase when a difficult to overcome obstruction (including an
inefficient fishway) is hindering movement, a situation in which resident ecophenotypes and genotypes
with smaller mass and reproductive output (Morita and Takashima, 1998) are favoured. Population
densities of these favoured individuals are often lower (Morita et al., 2000) which can increase the
likelihood of the population going extinct because of random variation in environmental and

demographic factors (Gyllenberg et al., 2002).
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1.5.3.4  Species introduction

Because of the continuous nature of river systems, alleviating fragmentation by providing effective
passage solutions or removal of an obstruction entirely, gives the opportunity for (re)colonization by
indigenous, introduced and also invasive species of habitat upstream (and potentially downstream as
well) which was isolated originally (Sharvo and Liebhold, 1998). Consequences of these introductions
encompass increased competition for food and space, introduction of new diseases and contaminants
into the system, new predator-prey relationships and interactions on the genetic level (e.g. gene-flow)
including between wild and hatchery fish (Kiffney et al., 2009; McLaughlin et al., 2013). Several
studies have demonstrated the effectiveness of obstructions with regards to limiting dispersal of
unwanted fish species (Lavis et al., 2003; Stokstad, 2003; McLaughlin et al., 2007; Fausch et al., 2009;
Pratt et al., 2009) and other mobile biota such as decapod crayfishes (Bubb et al., 2008). However, with
wider impacts of fragmentation in mind, usage of anthropogenic structures primarily for the purpose of
controlling distribution of invasive species is questionable.

To conclude, a well-made decision on construction and operation of a fishway, or physical
removal of an engineered obstacle should be context and site-specific and should consider thoroughly
both advantageous and negative consequences. Much more attention has been paid to benefits of
effective fish passage and obstruction removal compared to possible unwanted consequences and trade-

offs of passage, which are often underappreciated or overlooked.

1.6 Aims of thesis

This thesis aims to investigate the impacts of anthropogenic in-stream structures on fish communities
and to evaluate the effectiveness of fish pass (including, in some cases, obstacle removal) solutions in
order to restore longitudinal connectivity in impacted river systems. Following a field-based empirical
approach and, where possible, a BACI (Before-After Control-Impact) method, the utility of common
and more novel fish passage methods for river fishes is evaluated. In Chapter 2 fish and invertebrate
communities in impacted streams- including those impacted due to obstacles - are evaluated for
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differences in community composition parameters. The degree to which different types of in-stream
structures and other environmental stressors impact fishes are investigated on different tributaries of the
River Wear, North-East England, including the Old Durham Beck catchment, Brancepeth Beck and on
tributaries of the River Browney. A detailed study of the evidence for alleviation of obstacle effects on
stream fish communities by multiple-site rehabilitation is presented in Chapter 3. It explores spatial
behaviour by fish species in river stretches near unrestored and restored in-stream structures, using
several methodologies, including PIT tagging, VIE marking and radio telemetry. The impact of a
common low-head Crump-style weir on the ability of European river lamprey to pass upstream is
investigated in Chapter 4. To facilitate upstream passage for river lamprey, a common Larinier SAB
fishway has been constructed on the River Derwent, North-East England. There is a need to evaluate its
passage efficacy in situ for threatened lamprey, with very different swimming behaviour and non-
fusiform body shape. The degree to which conventional and unconventional technical passage facilities
can improve passage is discussed. The general discussion integrates the research outcomes obtained in
Chapters 2 - 4 with the current knowledge on connectivity restoration in rivers. Limitations of research

approaches as used in the current project are discussed and opportunities for future work are considered.
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Examining the effects of in-stream engineered structures and environmental variables on

fish community composition in fragmented stream networks

2.1 Introduction

Natural river systems with adjacent riparian zones are among the most diverse and dynamic ecosystems
globally (Dynesius and Nilsson, 1994). Anthropogenic impacts on these systems, for energy needs,
transportation and water abstraction (Nilsson et al., 2005) have greatly affected the diversity and
abundance of aquatic species they hold (Fagan, 2002; Fausch et al., 2002), and structures are
constructed to fulfil such demands (Doehring et al., 2011; Hall et al., 2011). Such structures impact
stream networks in a variety of ways (see Section 1.3.1), which often cause a decline of migratory
species. Fragmentation of habitat within stream networks has been recognized as a serious threat to the
diversity, abundance and persistence of a variety of aquatic species (Sheldon, 1988; Dunham et al.,
1997; Khan and Colbo, 2008). While natural habitat fragmentation at large temporal and spatial scales
(e.g. across geological time periods or across landscapes) has resulted in diversification of ecological
niches and promoted evolution of species, contemporary habitat fragmentation, often caused by
anthropogenic activities, may affect aquatic populations at a much faster rate and evolution must then
be rapid if a population is to persist (Burger and Lynch, 1995). Freshwater systems are structured as
hierarchical networks whereby anthropogenic structures as well as natural features such as cascades or
waterfalls may form obstacles to movement (Fausch et al., 2002; Magalhaes et al., 2002; Boys and
Thorns, 2006), either partial or complete. Riverine fish assemblage structure often varies along
environmental gradients from headwaters to lower mainstem (Edds, 1993), but when connectivity along
these gradients is reduced, altered assemblage structures can result.

Although the impacts of high-head obstacles (usually regarded as > 5 m) on fish movement are
well documented (e.g. Dynesius and Nilsson, 1994; Nilsson et al., 2005), whereby consequences of the
obstacle on fish movement - especially for migratory species - are often discussed, the effects of low-
head physical obstacles, such as weirs, road crossings and culverts on fish populations have received

less attention. Although the general assumption is that these small obstacles have less of an impact on
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fish movement than high-head dams (e.g. Ovidio et al., 2007), the cumulative effects of small obstacles
on fish communities may be considerable. It has been argued that this cumulative effect is comparable
to consequences of large structures on fish movement, fish assemblage structures and river habitat
(Williams, 1998; Naughton et al., 2005; Alexandre and Almeida, 2010). Low-head weirs, with
overflowing water, little height difference between the upstream and downstream water levels and a
relatively low impact on river hydraulics are typical small obstructions, but are very abundant in parts of
the world such as Europe and North America. Since these small engineered in-stream structures may be
much more abundant than high-head obstacles, their combined fragmentation impact can be severe
(Lucas et al., 2009). Although these smaller structures may not represent absolute barriers, their
combined effect often includes a dramatic reduction in longitudinal connectivity within river systems,
alteration of flow and sediment regimes (Nilsson et al., 2005; Xu and Milliman, 2009) and changes to
channel morphology, vegetation and invertebrate communities (Gordon and Meentemeyer, 2006).
Impoundment effects on flow regime include a homogenization of several micro-habitat characteristics
(e.g. depth, current velocity and substrate) (Poulet, 2007). Such alteration of habitat conditions may
have a profound effect on fish community composition (see Section 1.3.1). Habitat fragmentation may
also lead to reduced interaction at the demographic and genetic level of populations of aquatic species
(Lowe and Allendorf, 2010). Genetic variation may become eroded due to increased inbreeding and
genetic drift within fragments of a population, and reduced gene flow among these fragments
(Frankham et al., 2002). Reduced genetic fitness of a fragmented population may lead to reduced
population growth rate and viability of the population (Ewers and Didham, 2006), and an increased risk
of local extinction (Spielman et al., 2004).

While fish assemblages can be viewed hierarchically as any group of populations at multiple
spatial scales, communities are often described as a group of locally interacting populations
(Angermeier and Winston, 1999). For example, a group of populations may occur within a stream reach
or within an entire continent (assemblages at two spatial scales), but only the first one is often referred

to as a community. Presence of species or ecological attributes (e.g. prey, predators) typically
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determines the community composition. Presence or absence of certain species may provide
information about historical processes (e.g. dispersal, speciation, responses to environmental factors
such as habitat suitability or biotic interactions). Variation in ecological composition of communities,
such as changes in functional or life history attributes along environmental gradients, may reflect
environmental constraints (Berkman and Rabeni, 1987; Poff and Allan, 1995). Small-scale distribution
of fish communities is often the result of environmental constraints, such as stream size, elevation,
channel slope, flow regime and water pollution (Schlosser, 1982; Osborne and Wiley, 1992; Lyons,
1996).

Fish populations can be heavily influenced in their abundance and distribution as a result of
isolation (Ward et al., 1999; Moilanen and Nieminen, 2002). Migration, for seeking refuge, feeding,
spawning or recolonization, forms a key behaviour affecting the inclusive fitness of many fish species
(e.g. Lucas and Baras, 2001; Lucas et al., 2009; see Section 1.2). Among fishes that show clear
migratory behaviour are salmonids including Atlantic salmon (Salmo salar) and sea trout, the
anadromous morphotype of brown trout for which viable populations depend on successful migration
from riverine spawning grounds to a marine environment and return migrations back to spawning
grounds. Conventionally, most efforts to restore migration routes past obstacles have concentrated on
conspicuous migrants such as anadromous salmonids, partly because of the extent of the migration
necessary and partly because of their high socio-economic value. However, river-resident trout rely on
migration as do a host of other fish species (Lucas and Baras, 2001). Further, rehabilitation of a more
natural fish community structure (and for a range of other organisms too), including facilitation of
recolonization, requires consideration of dispersal processes, especially though not only, in an upstream
direction (Gough et al., 2012). Dispersal behaviour has been shown to be density-dependent in
salmonids (e.g. Elliott, 1994), but it is a fundamental and universal process in fishes (Lucas and Baras,
2001). Dispersal abilities of fish increase as fish grow, but may be most evident in young fish during

specific periods, and a portion of the population may show natural dispersal behaviour (in salmonids,
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this is likely for fish with relatively poor fitness and/or a subordinate hierarchy position), whereby fish
disperse from high to low density patches (Crisp, 1993; Einum et al., 2006).

In-river structures can obstruct migration paths partially or fully, or delay migration (Baisez et
al., 2011). Migration delay affects a population through disrupting processes in fish development that
have a narrow window of timing, by increasing predation risk (Jepsen et al., 1998) and by increasing
energy expenditure, which results in higher mortality before spawning occurs or reduced spawning
success (Castro-Santos and Haro, 2003). If longitudinal connectivity within a river system is limited,
fish populations (including smaller, but ecologically important non-salmonid species) risk increased
mortality, reduced rates of spawning and recruitment and ultimately, the population going extinct
(Castro-Santos and Haro, 2003). Populations restricted in their movement over an engineered structure,
with suitable spawning and feeding grounds upstream of the structure, may possibly not succeed in
recolonizing the upstream habitat after, for example, a washout effect from a high flow event or a local
pollution incident.

As with high-head dams, studies on the consequences of small obstacles have been mainly
concerned with fish migration (Lucas and Frear, 1997; Warren and Pardew, 1998; Ovidio and
Philippart, 2002) and isolation of fish populations (Morita and Yokota, 2002; Meldgaard et al., 2003).
Relatively few studies, mainly in the United States and France, have focused on how small obstacles
affect fish community structure (Cumming, 2004; Tiemann et al., 2004; Gillette et al., 2005; Poulet,
2007). Welcomme et al., (2006) identified a change in the local structure patterns of fish assemblages as
a result of the alteration of life-cycles of fishes due to impacts on habitat stability originating from small
obstacles. Several studies have found a correlation between the structure of fish communities and
habitat variables, which, importantly, implies a severe effect on biotic integrity as a result of river
habitat alteration and fragmentation (Dynesius and Nilsson, 1994; Harford and McLaughlin, 2007).
Low-head obstacles may have an adverse effect on fish communities and riverine habitat downstream,
but especially upstream of the physical obstacle (Tiemann et al., 2004; Gillette et al., 2005; Poulet,

2007; Alexandre and Almeida, 2010). Fish assemblage composition has also been shown to be altered
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by obstacles with a head of less than 1.5 m, whereby species richness decreased directly above the
obstacle (Porto et al., 1999). However, there is also evidence of habitat alteration in the vicinity of low-
head obstacles, but no significant changes to the fish community downstream or upstream of the
obstacle, although a coarse spatial scale (whole streams, or stream reaches) was used to determine
changes in fish assemblage structure (Dodd et al., 2003; Raborn and Schramm, 2003). Gillette et al.,
2005 studied fish assemblage structure at fine-scale sites spaced adjacent to multiple small obstacles in
the Neosho River, Kansas, US. In this river system, heavily impounded by low-head obstacles, they
found assemblages characterized by fish species preferring lentic, deeper, slower-flowing habitat
directly upstream of obstacles. At sites downstream of obstacles, fish communities consisted more often
of species common to swift-flowing, lotic, shallow habitat, whereas fish assemblages intermediate to
these two extremes were found at sites distant from low-head structures. This pattern of fish assemblage
structure in relation to habitat type, with downstream and upstream differences, has been found for
high-head dams as well (e.g. Camargo and Voelz, 1998). Temporal variation was however found to be a
stronger factor causing changes in assemblage structure compared to spatial variation, explained by fish
life history events such as spawning or recruitment and seasonal variation in environmental conditions
(Gillette et al., 2005).

In addition to river habitat fragmentation by in-stream engineered structures, aquatic biota may
also be affected by chemical stressors, including organic effluents. Potentially harmful substances for
fish, such as pesticides, heavy metals and hydrocarbons, may be released into the aquatic environment
by industry and through agriculture (e.g. Ongley, 1996; MacKenzie et al., 1998; Wu, 2004). Large
quantities of pollutants may have a direct effect on aquatic biota by mortality events. But even lower
levels of discharge may cause an accumulation of hazardous substances in organisms, and the
concentration of these pollutants may increase due to bioaccumulation (Austin, 1998). Occurrence of
diseases in fish populations is dependent on the interaction of three variables, each controlled by biotic,
abiotic and genetic factors; environmental quality, differential susceptibility of individuals to the

pathogen and the presence and virulence of the pathogen (Snieszko, 1974). Individual fish may respond
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differently to pollution load, dependent on the organism’s age, health, reproductive state and nutritional
state (Lawrence and Hemingway, 2003). Pollution may increase susceptibility of the fish population to
diseases (Arkoosh et al., 1998; Shesterin, 2008). Metal pollutants originating from mining activities,
such as cadmium, copper, lead and zinc, may have severe effects on freshwater fish (Larsson et al.,
1985), including occurrence of body tremors and a change of preference or avoidance behaviour (e.g.
Scherer, 1992; Atchison et al., 1996). Chemical pollutants may also disrupt types of other behaviour
such as foraging (Kasumyan, 2001), predator avoidance, social hierarchies and spawning (Scott and
Sloman, 2004; Shesterin, 2008). It is required by the WFD to include pressures from pollutants to
surface waters in the assessment of water bodies (EU, 2000; see Section 1.4). For example, increased
nutrient loading, often from agricultural runoff, may impact the ecological status of the water body
(Rask et al., 2010). Various impacts of agricultural processes on surface water and groundwater are
presented in Table 2.1. Some of these processes may lead to eutrophication of water bodies. Micro-
organisms, present in streams and rivers, break down organic matter using dissolved oxygen, while
mixing of water with air (by turbulence) and photosynthesis keeps oxygen levels sufficiently high to
sustain normal oxygen levels. If an increased nutrient load enters the system, for example from waste
water or agricultural runoff, the oxygen supply is depleted quickly, and this process may be detrimental
for aquatic biota and especially fish species (Jones, 1964). Fish species may respond differently to
alterations of water quality based on their tolerance level (UKTAG, 2008c) and as such may avoid areas

with critical pollution levels, or be killed, thereby altering local fish community composition.
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Table 2.1: Impacts on surface water and groundwater originating from agriculture. Modified from Ongley (1996).

Agricultural
activity

Surface water impacts

Groundwater impacts

Ploughing / tillage

Fertilizing

Manure spreading

Pesticides

Feedlots / animal
corrals

Irrigation

Clear cutting

Silviculture

Aquaculture

Sediment/turbidity: sediments carry phosphorus and pesticides
adsorbed to sediment particles; siltation of river beds and loss of
habitat, spawning ground, etc.

Runoff of nutrients, especially phosphorus, leading to eutrophication
causing taste and odour in public water supply, excess algae growth
leading to deoxygenation of water and fish kills

Carried out as a fertilizer activity; spreading on frozen ground results
in high levels of contamination of receiving waters by pathogens,
metals, phosphorus and nitrogen leading to eutrophication and
potential contamination

Runoff of pesticides leads to contamination of surface water and
biota; dysfunction of ecological system in surface waters by loss of
predators due to growth inhibition and reproductive failure; public
health impacts from eating contaminated fish

Contamination of surface water with many pathogens (bacteria,
viruses, etc.) leading to chronic public health problems. Also
contamination by metals contained in urine and faeces

Runoff of salts leading to salinization of surface waters; runoff of
fertilizers and pesticides to surface waters with ecological damage,
bioaccumulation, etc. High levels of trace elements (e.g. selenium)
can occur with serious ecological damage

Erosion of land, leading to high levels of turbidity in rivers, siltation
of bottom habitat, etc. Disruption and change of hydrologic regime,
often with loss of perennial streams

Broad range of effects: pesticide runoff and contamination of surface
water and fish; erosion and sedimentation problems

Release of pesticides (e.g. tributyltin (TBT)) and high levels of
nutrients to surface water and groundwater through feed and faeces,
leading to serious eutrophication

Leaching of nitrate to groundwater;
excessive levels are a threat to public health

Contamination of groundwater, especially
by nitrogen

Some pesticides may leach into
groundwater causing human health
problems from contaminated wells

Potential leaching of nitrogen, metals etc. to
groundwater

Enrichment of groundwater with salts,
nutrients (especially nitrate)

Disruption of hydrologic regime, often with
increased surface runoff and decreased
groundwater recharge; affects surface water
by decreasing flow in dry periods and
concentrating nutrients and contaminants in
surface water

Stream networks impacted by fragmentation from engineered structures and from degraded

water quality by increased nutrient loading and chemical pollution must be restored to good ecological

status in accordance with WFD legislation (Lucas et al., 2009; Gough et al., 2012; see Section 1.4).

Although many anthropogenic in-stream obstacles can be mitigated or removed by the construction of

fishways, the process is often expensive. It is essential to assess the effects of in-stream structures and

water quality on fish communities in order to understand how to restore river systems. With limited
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budget, prioritisation for restoration work is needed (Gibson et al., 2005; Poplar-Jeffers et al., 2008).
For this chapter, a fish community survey was conducted on several tributaries of the River Wear, NE
England in relation to the distribution of engineered cross-river structures, local habitat and biological
water quality information. In-stream engineered structures were characterised and adjacent areas
sampled for fish community composition and habitat characteristics. The objective was to characterise
fish communities across these systems, to examine the impacts of different types of in-stream structures
on nearby fish community composition and to evaluate reconnection opportunities at in-stream

structures in the subcatchments.

2.2 Methods

2.2.1 Study area

The River Wear originates in the north Pennine Hills in northern England, and flows east-/north-
eastwards to eventually terminate, 96.4 rkm downstream, in the North Sea. In the middle and lower
Wear catchment, historical land use was comprised of common arable fields, pastures and meadows,
and agricultural intensification has occurred throughout the 20™ century, especially since 1950 (Durham
County Council (DCC), 2008). These changes in landuse and largescale agriculture close to stream
margins have increased diffuse nutrient input into the lower Wear and most of its tributaries (Whitton
and Kelly, 1998). Historical water chemistry analyses on the lower Wear identified relatively hard
water, and nitrate and especially phosphate, which may originate from agricultural effluents,
concentrations were increasingly higher the further down the river (Snow and Whitton, 1971), chemical
conditions which likely remained in the lower Wear even up to the late 1990s (Whitton et al., 1998).
Throughout much of its catchment, there is a history of extensive mining, predominantly for heavy
metals and fluorspar in the upper reaches for coal and with related cokeworks and industrial processes
in the middle and lower catchment. Coalfields were abundant in the catchment for ca. 150 years (e.g.
Longwell and Roberts, 1929; House, 1969) and the Wear was still affected by various effluents
associated with mining and cokeworks in the 1950s (Whitton and Buckmaster, 1970). From the early
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20™ century the number of working pits fell into decline (Emery, 1984), with the shallowest mines in
the west closing earliest and the last deep mines in the east of County Durham closing in the 1980s.
Effluents from mining activities were mostly stopped in the period 1955 - 1966, although pollution
originating from pumped minewater and drainage was reported for stretches of the lower Wear until the
late 1990s (Armitage, 1980; Whitton et al., 1998; Neal et al., 2000). As a result, the surrounding
landscape is heavily influenced, and water quality of the Wear has historically been heavily impacted by
mining. On tributaries of the upper Wear, local inputs from pumped mine workings may have
introduced high concentrations of zinc (up to 20 mg I™%) in the second half of the 20" century (EA,
unpublished data; Neal et al., 2000). In the lower Wear catchment, moderate lead pollution has been
reported from stream sediment samples taken from 1986 - 1988 and river pollution by lead mining
waste continues to exist along much of the Wear (Shepherd et al., 2009). Until a few decades ago,
abandoned mines and their spoil heaps were an important cause of heavy metal mineral pollution of the
Wear and its tributaries (Emery, 1984), but the river’s water quality has improved substantially since
(Neal et al., 2000; EA, 2016a). In addition to the decline in coal production, the privatization of the
water industry and investments in sewerage systems lead to stronger regulation and reduced pollution to
aquatic systems since the mid 20" century (Mawle and Milner, 2003). In the context of WFD
classification, the River Wear consists of eight section designated as water bodies by the EA (Figure
2.1; see Section 1.4. WB labels used in this thesis differ from those used by the EA for the same WBs;
see Appendix | for a cross reference of these two groups). Since WFD classification started, overall

status of the eight water bodies show a general increase in water quality of the Wear (Table 2.2).
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Figure 2.1: Distribution of water bodies (WBSs) as assigned on the River Wear (n = 8, delimited by orange circles). Shown

are the WBs on the main Wear solely, excluding all WBs located on its tributaries. WB h is a transitional water. See

Appendix | for identification codes of these WBs as appointed by the EA.
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Historical water quality across UK rivers may be indicated by presence or absence of Atlantic
salmon, which have low tolerance to environmental disturbance (UKTAG, 2008c). Prior to the
industrial revolution, many rivers in England and Wales, including the Wear, supported salmon
populations, but from then until the mid 20" century salmon stocks have been in decline (Parrish et al.,
1998; Griffiths et al., 2011). By the 1950s, salmon populations were regarded as absent from the Wear
(National Rivers Authority, 1991; Mawle and Milner, 2003), but starting in the early 1960s, salmon
stocks began recovering in many rivers in England and Wales including the Wear (Russell et al., 1995;

EA, 2014; EA, 2016b) (Figure 2.2).
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Figure 2.2: Annual declared rod catch of Atlantic salmon for the rivers Wear, Tees and Tyne from 1960 - 2001. Modified

from Mawle and Milner (2003).

In the locality of Durham City, NE England, three tributaries of the Wear, at ca. 43 - 54 rkm
from the river’s mouth, were identified on which in-stream engineered structures were located. The
tributaries include Brancepeth Beck (confluence with Wear furthest upstream of all three tributaries
surveyed; hereafter named tributary 1 (T1)), River Browney (T2) and Old Durham Beck (confluence
with Wear furthest downstream; T3) (Figure 2.3). References to T1, T2 and T3 in this thesis include
lower order sub-tributaries which join with T1, T2 and T3, respectively. The three tributaries were

selected for status assessment because: a) structures of manageable field surveying size were known to
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be located on each of the tributaries, and on most sub-tributaries, b) their confluence with the Wear is in
a similar reach, therefore each of the three tributaries were (potentially) accessible to a similar fish
community, c) the tributaries selected were of wider interest for EA and WRT in the context of WFD.
Since the area is subject to a moderate/high annual rainfall (651.1 mm), these typically precipitation-
sensitive low-order streams have a flashy hydrology, in which water levels may rise relatively quickly.

The tributary joining the Wear furthest upstream of the three tributaries surveyed (T1, at 54 rkm
from the Wear’s mouth), is a first-third order stream with a wet width of [mean £ SD] 1.7 + 0.4 m
measured halfway from source (latitude 54.743798, longitude -1.7330503) to sink. It flows through a
low-altitude (ca. 216 m (source) to 46 m above sea level (masl)) area for a total of 9.7 rkm and has an
overall slope of ca. 1.8%. The catchment has a total surface area of ca. 17 km? and includes mainly
lowland, agricultural landscape with a riparian zone consisting of a mixture of deciduous and evergreen
forests. Livestock was able to approach the middle-upper T1, as evidenced by moderate amount of
trampling and grazing. The stream, especially on the lower reach, had a high density of small structures,
mainly under-road pipe culverts and vertical weirs. The subcatchment consists of a single water body
(WBL; Figure 2.3). Records show a moderate classification of biological water quality (among which
fish was classed as moderate (compared to reference values; see Section 1.4.2), and invertebrates as
good) of the water body in 2009, and of the same scores in 2015 (EA, 2016c), based on samples taken
100 m upstream of the confluence with the Wear. The chemical component of water quality assessment
was unavailable for 2009, and was of score good in 2015.

Situated to the north of T1, joining the main Wear 4.5 rkm further downstream, T2 has its
headwaters in the hills west of Durham City (source: latitude 54.788314, longitude -1.8546724) and
flows east-/south-eastwards for a total of 33.6 rkm before joining the Wear (Figure 2.3). This lowland
river (first-fourth order, central river width [mean £ SD] 9.8 + 1.7 m) has a catchment area of ca. 178
km? and the elevation of the flow area is ca. 236 masl (source) to 42 masl with an overall slope of ca.
2.3%. The riparian zone is bordered mostly by deciduous trees, extending to woodland in areas,

interspersed with grassland, especially in the lower reaches. Further upstream bordering grassland tends
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to be occupied by livestock. The catchment comprises nine water bodies (Figure 2.3), of which in 2009
(when chemical water quality did not require assessment for WFD classification) one water body was of
bad ecological status (on the upper Browney, WB5), four were classed as poor (WB3, 4, 8, 10), three as
moderate (WB6, 7, 9) and one as good (on the upper River Deerness, WB2) (EA, 2016c). In 2015, three
water bodies had poor ecological water quality status (WB3, 4, 5), four were of moderate quality (WB2,
8, 9, 10), and two of good quality (WB6, 7). The water body which had bad ecological quality status in
2009 (WB5) had poor ecological status, and fail chemical status, in 2015 (EA, 2016c). Sampling
locations on T2 were located on the middle and upper reaches, for a total of 16 sampling sites.

Lastly, the tributary which has its confluence with the Wear furthest downstream of the
tributaries studied (T3, at 43 rkm from the Wear’s mouth) originates on the Magnesian Limestone ridge
east of Durham City (14.3 rkm from its confluence with the Wear) and flows at an altitude ranging from
ca. 170 masl (source) to ca. 33 masl (confluence with Wear) with an overall slope of ca. 2.2%. The
stream is classed as first-third order with a stream width of [mean £ SD] 1.9 + 0.4 m in the middle part
of its length and has a catchment area of ca. 54 km?. Where adjacent land-use in the lower reaches is
mostly for agriculture, land along the western upper part of T3 mostly consists of urban environments
combined with, or adjacent to, agricultural land. The agricultural land is a mixture of arable and
managed grazing. The stream network consists of three water bodies (EA, 2016c; Figure 2.3), with poor
ecological water quality status in 2009 for the section closest to the Wear (WB13), and moderate
ecological status for the reaches closer to the headwaters (WB11, 12). In 2015, ecological status was
good for WB12, and were poor/moderate for WB11 and WB13. Chemical water quality was classified
as good in all three water bodies in 2015 (EA, 2016c). The Environment Agency’s sole fish survey site
on T3 is located 0.75 rkm from its confluence with the Wear, thus the biological quality element fish is
not included in biological water quality scores for the middle and upper water bodies of T3, not in 2009

nor in 2015.
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Figure 2.3: Distribution of water bodies (WBSs) as assigned for the Brancepeth Beck (n = 1, delimited by black circles),
River Browney (n = 9, orange circles) and Old Durham Beck (n = 3, brown circles) catchment. See Appendix | for

identification codes of these WBs as appointed by the EA.

2.2.2 Types of survey sites and habitat conditions

In summer 2014, surveys of fish communities directly downstream and directly upstream of in-stream
engineered structures were conducted on T1, whereby a total of n = 12 structures, of different types,
were identified (Figure 2.4, Table 2.3). On T2 eight structures were surveyed starting two days after the
sampling sessions at T1 had ended, mostly on the middle-upper T2, with a considerable structure on the
lower reach (though not sampled in the present study). Surveying for fish assemblage on T3 was
conducted in summer 2013 (n = 25 structures; Figure 2.4, Table 2.4).

Structures identified on T1 to T3 consisted of seven types (Table 2.3; Table 2.4; Figure 2.5): a)
box bridge: defined as a full stream-width spanning structure, with a natural bed, rectangular in frontal
view and where flow regulation is mostly absent; b) arched bridge: a full stream-width spanning
structure with natural bed, arched in frontal view and where flow regulation is mostly absent; c) box
culvert: flow-regulating to a minor degree at low flows, usually with an artificial bed, constructed from
stone, brick or concrete and often with an artificial or modified bed; d) pipe culvert: a part stream-width
spanning, circular cross-section structure, consisting of concrete, stone, brick or plastic with flow

regulation and an artificial bed; e) arched culvert: flow-regulating, arched in frontal view and
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constructed from stone, brick or concrete, often with an artificial or modified bed; f) combined arched
bridge and box bridge structures in close proximity - hereafter named an arch-box combination; g)
vertical weir (including series of vertical weirs (steps) close together): flow-regulating for all water
levels (impoundment effect), especially under low flow. Structures considerably wider than long were
classed as bridges provided their width did not constrict channel flow appreciably, while structures with
a large length: width ratio were considered culverts.

In addition to the survey sites located in the vicinity of in-stream engineered structures, sites
more distant from structures were included in the surveys, their locations chosen along each tributary’s
full length. These survey sections - which represented reference sites - consisted of ca. 80 m reach.
Effort was made, as far as reasonable, to ensure that each reference site contained a representative
variety of mesohabitats (e.g. flow types (such as pool, glide, run, riffle) and substrate (such as sand, silt,
pebble, cobble, gravel)), but where no in-channel engineered structure was within 0.25 rkm of the
survey stretch, thereby assuming an absence of obstacle effect on hydrology and other habitat
conditions. While the reference sites as used in this study do not form true reference sites (situated on
separate, unfragmented rivers, or at least located further away from in-stream obstacles, with similar
habitat conditions and geomorphology), such sites were absent in or near the study area. As such, the
reference sites used resemble control sections within fragmented stream networks and approach such
true reference sites as much as realistically possible. The number of reference sites surveyed for fish
community composition was n =4, n=5and n =9 for T1, T2 and T3, respectively (Figure 2.4, Table

2.3, Table 2.4).
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Table 2.3: Summary details of structure sites and reference sites surveyed on respectively T1 (#1-16) and T2 (#17-29).
Structure #29 was located 20 m upstream of the Browney-Deerness confluence (in principle on the Deerness, but grouped
with T2 in Figure 2.4), thus it was not counted as a structure positioned downstream of the structures on the Browney. ds:

downstream. For vertical weirs (structures consisting of a series of low vertical weirs (steps) are marked with *), the (mean

step) height of the weir above the water surface (in m, at Qgs) is shown in parentheses. For pipe and arched culverts, the step

height at the culvert outflow (m) is shown in parentheses under the same conditions. Structures which formed road crossings

are marked with **.

Site  Structure type / Structure Distance to Wear  Distance to source (rkm)  No. of structures ds of site
reference length (m) confluence (rkm) (to Wear confluence)

1 pipe culvert 28.2 (0.4) 6.47 0.41 11
2 pipe culvert 16.7 5.91 1.35 10
3 reference - 5.78 0.38 10
4 pipe culvert 5.8 5.23 2.69 9
5 reference - 3.16 4.46 9
6 pipe culvert** 4.1 (0.6) 2.72 6.98 8
7 pipe culvert 106.6 2.68 7.02 7
8 reference - 241 7.29 7
9 vertical weir* 4.2(0.2) 2.22 7.48 6
10 vertical weir* 2.8(0.1) 2.17 7.53 5
11 vertical weir 2.3(0.4) 2.03 7.67 4
12 vertical weir 0.8 (0.5) 1.93 7.77 3
13 box culvert 31 1.79 791 2
14 vertical weir 1.3(0.3) 1.73 7.97 1
15 pipe culvert** 3.3 1.66 8.04 0
16 reference - 1.45 8.25 0
17 reference - 26.22 1.47 6
18 pipe culvert 36.6 25.43 2.26 5
19 box culvert 53.8 25.25 2.44 4
20 reference - 23.31 4.38 4
21 reference - 25.05 0.77 5
22 arched culvert 4.6 (0.5) 2453 1.29 4
23 box culvert 113.4 22.58 8.45 3
24 vertical weir 1.9 (0.3) 22.27 10.86 3
25 reference - 18.89 14.72 3
26 vertical weir 0.2 (0.1) 18.18 15.43 2
27 vertical weir 2.3(0.2) 17.42 16.19 1
28 reference - 14.33 19.28 1
29 box bridge 135 7.29 25.13 1
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Table 2.4: Summary details of structure sites and reference sites surveyed on T3 (#30-63). ds: downstream. For pipe culverts,

the step height at the culvert outflow (m) above the water surface (in m, at Qgs) is shown in parentheses.

Site  Structure type / Structure length  Distance to Wear Distance to source No. of structures ds of site (to
reference (m) confluence (rkm) (rkm) Wear confluence)

30 reference - 0.61 13.69 0
31  box bridge 4.2 0.87 13.43 0
32 box bridge 33 141 12.89 1
33 reference - 1.93 12.37 2
34 box culvert 135.3 2.48 247 2
35  reference - 2.68 2.22 3
36  pipe culvert 44.2 (0.1) 3.47 1.75 3
37  reference - 4.44 1.21 4
38  pipe culvert 4.9 481 0.64 4
39  pipe culvert 89.8 (0.4) 2.79 2.85 3
40  pipe culvert 12.1(0.4) 3.21 2.66 4
41  pipe culvert 32.8 (0.6) 351 251 5
42 reference - 4.02 2.37 6
43 box culvert** 11.9 5.16 1.86 6
44 reference - 6.71 1.32 7
45  pipe culvert 180.2 2.45 11.85 2
46  pipe culvert 70.7 (0.5) 2.59 11.71 3
47  arch-box 17.6 2.72 11.58 4
48  reference - 3.49 10.81 4
49  pipe culvert 59.5(0.7) 3.88 5.49 4
50 arched culvert** 8.6 451 5.23 5
51  reference - 6.69 4.67 5
52  arched culvert 133 3.99 10.31 5
53  pipe culvert 23.6 4.91 9.39 6
54 pipe culvert** 5.8 5.24 9.06 7
55  arched bridge 7.1 6.12 8.18 8
56  arched culvert** 22.7 6.46 7.84 9
57  reference - 6.79 7.51 10
58  pipe culvert 10.2 8.09 2.47 10
59  box culvert 3.4 8.28 2.32 11
60  pipe culvert 4.3 8.41 1.89 12
61  boxculvert 34.9 8.93 0.82 13
62  box culvert 9.4 8.16 6.14 10
63  arched culvert** 5.7 6.89 0.96 8

Figure 2.5: Examples of structures near which sections were surveyed for fish community composition. Top row: left: box
bridge; middle: arched bridge; right: box culvert; bottom row: left: pipe culvert; middle: arched culvert; right: vertical weir,

preceded by a ramp.
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2.2.3 Sampling procedure for fish assemblages

To determine fish community composition, total fish species richness (number of fish species per
sample), species diversity (Shannon-Wiener Index; Magurran, 2004) and (total) fish species density
(number of individuals for each fish species, and total, per 100 m? sampling area), quantitative depletion
electric fishing was performed. These fishing sessions were undertaken directly downstream and
upstream of each of the identified structures (Figure 2.6), provided habitat was similar between the two
sections. If habitat was noticeably different, depletion fishing was done in sections as close to the
structure as possible where habitat was similar. Surveyed sections were 60-80 m in length, depending
on the spatial distribution of different types of habitat. Surveying was carried out in summer, at or close
to base flow conditions.

Nets (4 mm mesh and which covered the whole water column) were used to block the
downstream and upstream limits of each section, thereby preventing fish from entering or leaving the
sampling area. Fish were sampled in each section, all of which contained a representative variety of
mesohabitats. Starting at the lower end of the delimited area, pulsed DC electric fishing (Electracatch,
230V in, 2.5A max, 50/100 Hz, WFC 4) was performed for a minimum of three passes, thereby
obtaining progressive depletion. This removal method of at least three passes has been demonstrated to
be more accurate in quantitative studies on fish abundance, rather than a more cost-effective and time-
efficient single pass method mostly used for monitoring (Peterson et al., 2004). The depletion method
as used here is different from the European standard set for electric fishing (CEN, 2005), which uses
only the first run of fish data for analyses and requires a river length of 10-20 times the channel width to
be surveyed. Fish removed in each run were temporarily kept in separate, aerated tubs. Stop nets were
checked after each run to determine they were still secured to the stream bed and blocking movement
across the whole water column, and were not moved during the electric fishing sampling. Once all runs
were finished, species and body length (BL) were recorded for all fish per pass through and the fish
were released back to the sample site alive. With consideration of temporal variation, and variance

caused by weather effects (temperature, cloudiness, precipitation) in the spatial distribution of
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individual fish, sampling sessions were performed under similar time of day, weather conditions and
water clarity at each site to minimize variance in fish catch efficiency between sites.

survey lengths ca. 80 m each dependent on spatial
distribution of types of habitat (e.g. flow, substrate)

downstream upstream

: obstacle

nets (4 mm mesh) placed to
ensure closed fish population

Figure 2.6: Schematic of the approach used at a structure-site surveyed for fish community composition.

2.2.4 Habitat, environmental conditions and macroinvertebrates

At each site sampled for fish, river habitat survey records were completed as outlined by the Scottish
Fisheries Co-Ordination Centre (see http://www.sfcc.co.uk/resources/habitat-surveying.html). In this
scheme, important aquatic habitat features are included, among which type of substrate, flow form,
water depth, channel width, aquatic fish cover (by debris, rocks, vegetation, overhanging boughs),
canopy cover (shade, mainly by riparian area) and conductivity (uS cm™). The latter parameter was
measured upstream of structures solely, and at reference sites, at five random locations in the sampling
area using a calibrated Hanna HI 9033 with + 1.0% accuracy. The remaining parameters were measured
above and below structures and at reference sites over the whole sampling area. Proportional cover of
substrate in each the sampled sections was estimated using six substrate categories, based on particle
size: 1: silt and sand (diameter <2 mm); 2: gravel (2-16 mm); 3: pebble (16-64 mm); 4: small cobble

(64-128 mm); 5: large cobble (128-256 mm); 6: boulder (>256 mm).

A substratum index (I) was calculated from the sum of the percentage cover (n) of each substratum

category (S) (Bubb et al., 2006):

[=3%nS
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The index therefore ranges from 100 (sampling area with 100% silt/sand) to 600 (sampling area with
100% boulder) and increases with substratum particle size. Mean current velocity (m s™) 0.1 m from
structure’s downstream end, taken at four points across the channel width, and at five random locations
in the sampling area, was measured at 10% and 60% depth with a VValeport 801 electromagnetic flow
meter (+ 0.5% of reading, flow velocity of up to + 5 ms™). Surface flow velocity was measured
throughout relatively long and/or narrow structures, which prohibited manual measurements within the
structure (for safety reasons), by timing the passage of a small, buoyant object. Depth measurements
were taken at five random locations in the sampling area as well (£ 0.01 m), although these could not be
taken throughout the structure in culverts. Surveying was carried out in summer at or close to base flow
conditions.

Additional information on local environmental quality was obtained from benthic
macroinvertebrate assemblages, sampled upstream of each structure and at each reference site.
Macroinvertebrates at sites on T3 were sampled once in May 2013, except for site 17, which was
identified later and sampled in late summer 2014. For sites at T1 and T2 the single sampling session for
macro-invertebrates was performed in late summer 2014. Benthic macroinvertebrate taxa exhibit
varying sensitivities to local water quality and habitat conditions and the resultant community is a time-
integrated response to local stressors over a timescale of months (Armitage et al., 1983). While benthic
invertebrate sampling is subject to the sampler’s expertise and knowledge of taxonomy, invertebrate
community metrics are widely used, since decades, as measures of local biological stream water quality
(Armitage et al., 1983; Armitage, 2000) and represent a key element of WFD ecological condition
measurement in running waters in the UK (Davy-Bowker et al., 2008). Benthic invertebrate fauna was
sampled following a protocol as outlined by the Water Framework Directive-UK Technical Advisory
Group (UKTAG, 2008d). All in-stream habitats were kick sampled in proportion to their occurrence, for
a total of 3 minutes plus one minute manual search. Sampling was done upstream of a handnet (nominal
mesh size of 1 mm), held vertically on the river bed. Invertebrates were stored in 70% ethanol and

identified to family level (Figure 2.7), allowing for water body status classifications following WFD
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standards (see Section 1.4). A MINTA score was calculated for each site, which is a biotic index of river
habitat water quality, based on the poorest grade of quality assessments from two components. These
components are ASPT (average score per taxon) and NTAXA (number of taxa) ecological quality ratios
(Davy-Bowker et al., 2008). The MINTA score was derived by using ASPT, NTAXA and BMWP
(Biological Monitoring Working Party) score data, together with predictor environmental and habitat
data (e.g. distance from source, gradient, altitude, mean depth and width) as input for the software

package River Invertebrate Classification Tool (RICT) (SEPA, 2016).

Figure 2.7: Left: Example of an invertebrate family indicative of organically polluted, oxygen-poor, staghant habitat
(Chironomidae, order Diptera (true flies); shown here is the larval form; score = 2 on BMWP scheme). Right: Example of a
mayfly (family Heptageniidae, order Ephemeroptera; score = 10 on BMWP scheme), an invertebrate found in fast-flowing

habitat with good water quality. Both families were regularly sampled in the current study.

2.2.5 Data analysis and statistical approach

In order to gain insight into the effects of in-stream structures on habitat features, a hierarchical
classification procedure (cluster analysis) was performed for each site. Prior to the procedure, habitat
features at each site (conductivity, canopy cover, aquatic cover, BMWP, NTAXA, flow velocity in
sampling area, flow velocity 0.1 m from structure’s downstream end, gradient and water depth) were
standardized to reduce normality deviations using a log or square-root transformation, depending on if
the variable was numeric or a proportion (for this study, aquatic cover for fish and canopy cover),
respectively. The classification procedure was then performed for all sites (structures and reference

sites) on all tributaries combined (with distinction made between downstream and upstream of each
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respective structure, total n = 108). The analysis was then repeated with the same variables for all
reference sites on T1, T2 and T3 combined (total n = 18). The procedure included, in progressing order:
1) a linkage analysis between groups (consisting of sites with similar habitat features) based on the
Euclidean distance between groups of sites (Sokal and Rohlf, 1981); 2) a stepwise discriminant function
analysis (DFA) and 3) a cross-validation (leave-one-out classification). The latter two components of
the procedure were executed to identify which specific variables were contributing the most to the
distinction between groups as obtained in step 1). The complete procedure was executed, and plots
displayed, with SPSS 22.0.

Number of individuals sampled per fish species during multiple pass depletion fishing above and
below each structure, and at reference sites, was analysed according to Carle and Strub (1978) to obtain
fish population estimates. By including the mean width and sampled length of each delimited sampled
area, each fish species’ density per site was then calculated and expressed as number of fish per 100 m?.
This analysis was performed using the removal function in the ‘FSA’ package for the R environment.
Fish species diversity at reference sites as well as above and below structures was examined using the

Shannon-Wiener Index (H’, [0 - 0]), defined as:
H = —i[p, In ;)
i=1

where S is the total number of species (species richness) and p; resembles the proportion of individual
fish of the ith species from the total species richness sampled at the particular site. The Shannon-Wiener
Index was used since it combines two components of biodiversity - both the species richness and
distribution of individuals among species - in one value, whereby a higher index indicates more species
richness and more homogeneity in individuals per species (Magurran, 2004), allowing for comparisons
of fish communities between downstream and upstream sections of structures, and among reference
sites. The R package ‘vegan’ was used to calculate Shannon-Wiener indexes.

A principal component analysis (PCA) was performed to gain further insight into the factors

influencing fish species’ presence/absence among sites on T1 - T3. PCA is a multivariate ordination
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technique which examines the correlations among a set of variables, so that the underlying structure of
those variables may be examined (Jolliffe, 2002). Habitat features (n = 12, comprising mean water
depth (m), mean channel width (m), mean flow velocity in sampling area (m s™), substratum index,
elevation (masl), gradient (%), canopy cover (%), aquatic cover (%), BMWP score, conductivity (uS
cm™), distance to source (rkm) and number of structures downstream of sampling site), with fish species
as grouping variables, were used as input in R packages ‘caret’ and ‘ggbiplot’, which produce PCA
calculations and plots, respectively. To reduce skewness in anticipation of PCA, a Box and Cox
transformation was first applied to all variables (Box and Cox, 1964). Only those principal components
(PCs) necessary to explain at least 95% of the variability in the data were retained.

A hierarchical variation partitioning approach was performed with the purpose of quantifying
the relative contribution of each habitat feature (n = 12, identical variables as used in PCA analysis) to
the percentage of explained variation for each sampled species’ distribution. The approach used
goodness-of-fit (GoF) measures for each of the 2 possible models (with K being predictor variables; for
the current analysis, 2*% = 4096 models) (Chevan and Sutherland, 1991). The GoF measures are then
partitioned so that the total estimated independent contribution of each variable was calculated. The
hierarchical variation partitioning approach produced a list of all variables entered, ranked by their
independent contribution in order to identify the most likely causal factors which explained the
presence/absence of a species (Chevan and Sutherland, 1991; MacNally, 1996, 2002). For this analysis,
the package ‘hier.part’ was used in the R environment.

To test for differences of densities per fish species sampled for sites located on T1 with those on
T2, for T1-T3 and T2-T3 sites, and between groups of sites as identified in the cluster classification
procedure, multiple Mann-Whitney U tests were performed, corrected for false discovery rate (multiple
comparisons) using post-hoc Benjamini-Hochberg corrections (Benjamini and Hochberg, 1995). An
identical approach was used to test for differences in habitat conditions between the three studied

tributaries.
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For a test of significant differences in fish species densities between matched pairs of survey
sections downstream and upstream of types of structures (so that each species’ density in the
downstream section of a structure was compared with its density in the upstream section, repeated for
each structure-type, thereby producing one Z and one p value per type of structure), Wilcoxon signed
rank (matched pairs) tests were performed.

To test for dissimilarities in fish community composition between upstream/downstream
sections of individual structures and between reference sites, and within and between each studied
stream network, Euclidean dissimilarities were calculated. For comparisons between sites,
dissimilarities were based on combined upstream plus downstream fish densities per species. The

approach used the package ‘Vegan’ in the R environment.

Euclidean dissimilarity indexes were calculated as follows:

P 5 52
ED= ) (Zr_ _Zr' )

i=1
where ED = Euclidean dissimilarity, p is the number of variables (fish species) and

St Sa
Z -Z

I I
is the difference in the value of variable i (in this case: fish species’ density) at the first site (s;) versus
the value of variable i at the second site (s,). Three approaches were used: a) Sites (both reference and
structure sites) were compared against each other within the same stream network (T1, T2, T3); b) Sites
(structure and reference) on one network were compared against sites on another network (T1-T2, T1-
T3, T2-T3); c) Structure-sites were grouped by type of structure, and the downstream fish community
composition was compared with the upstream one, thereby examining structure-type specific effects on
fish occurrence.

Species density per site, for T1, T2 and T3 separately, was tested for significance with distance

to source using a Pearson or Spearman correlation, dependent on whether the relevant data was

parametric or non-parametric, respectively. Normality tests for this procedure were done with the
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Shapiro-Wilk test, as sample sizes were small (less than 50). To test if distance between sites was
correlated with Euclidean dissimilarity in fish species’ density for each tributary, a Kendall’s Tau test

was performed.

2.3 Results

2.3.1 Classification of sites

While sites located on T1 and T2 were similar in habitat conditions, there was some variation in
conditions between sites on T1-T3 and T2-T3 (Table 2.5 - Table 2.7). Conductivity, canopy cover and
aquatic fish cover were found to be similar across sites located on the three studied tributaries of the
Wear during the respective sampling periods (Table 2.8). Parameters of biological water quality scores
(BMWP, NTAXA), flow velocity in sampling area and at structure downstream entrance, gradient at
reference site/ over structure and depth were all significantly different at T3 sites compared to T1 and
T2 sites (Table 2.8).

The dominant substrate category across reference sites was mostly pebble or cobble. In upstream
sections closest to the structures the most abundant substrates were sand and silt, followed by cobble
further away from the structure. At sections downstream of structures the substrate mainly consisted of
a mixture of pebble, cobble and sand. Flow directly above all structures was mainly characterised by
(deep and shallow) pool habitat, though to a lesser degree above box culverts/bridges, while riffle and
run habitat was abundant at downstream sections across structures. This indicates a degree of
impounding effect of the structures which reduced with increasing distance upstream; nevertheless
some riffle/glide/run habitat was always present in the upstream survey zone. At reference sites, flow
habitat consisted mainly of a combination of riffle and glide habitat. Substrate categories and flow form
above and below structures and at reference sites are not tabulated, but are closely related to flow
velocity sampled in the different sections, which is presented for each site in Table 2.5, 2.6 and 2.7.
Flow velocity (m s™*) was lower directly upstream of 11/12 (91.7%), 6/8 (75.0%) and 18/25 (72.0%)
structures on T1, T2 and T3 (Table 2.5, Table 2.6), respectively, again indicating an impoundment
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effect by the respective structures on stream hydrology. The arithmetic difference in surface flow
velocity through culverts (pipe culverts, box culverts and arched culverts) compared to the mean flow
measured at the sampling area located directly upstream of each structure was (mean + SD): 0.19 + 0.06
ms™ -0.01+0.01 ms®and 0.07 +0.02 ms™, thereby indicating a flow alteration effect of pipe
culverts, and to a lesser degree arched culverts. For arched bridges, box bridges and the single arch-box
combination a flow alteration was very low or absent.

Macroinvertebrate sampling for biological water quality identified sampling sites (structure and
reference combined) on middle-lower T1, situated in an urban environment, to be of poorer quality than
sites located further up the stream (Table 2.5). On T2, higher biological quality scores were derived
from samples of sites closer to the source, and closer to the Wear confluence, relative to sites located on
the stream’s middle reaches (Table 2.5). The site with the lowest BMWP score on T2 (site 23) was
positioned in the near vicinity of an urban area, and site 24 - with a similarly low BMWP score - in
relatively close proximity, though on a different tributary (Table 2.5). Using MINTA as a worst-case
metric of banding, 12/16 (75.0%) of sites on T1 were classed as good or high quality, reflecting
widespread good ecological condition of the invertebrate community and good water quality. On T2 and
T3, 10/13 (76.9%) and 11/34 (32.4%) sites were of good or high biological water quality, respectively.
Unlike T1 and T2, the predominant biological water quality on T3, especially on the upper reaches, can
thus be classed as poor. While no sites were classed as poor or bad on T1, poor biological water quality
on T2 was found at site 23, and on T3 bad biological water quality was identified at sites 50 and 62.
BMWP scores of sites on T1 and on T2 were significantly higher than those on T3 (Mann-Whitney: U =
64.0, p < 0.001 and U = 47.0, p < 0.001, respectively), while those of sites on T1 and T2 were similar
(BMWP score [mean = SD]; T1: 120 £ 21.4, T2: 127 £ 25.7, T3: 75 + 30.4). Only including the 15 most
distant sites from the Wear confluence on T3 resulted in an even lower BMWP score ([mean £ SD]: 53

+18.3).

100



Table 2.5: Variables as measured on each site on T1 and T2, delimited by a horizontal red line. Reference sites are

highlighted in orange, and site numbers correspond with those in Figure 2.4. All values except BMWP and NTAXA are

mean values. ds: downstream, us: upstream. Flow-sa: flow velocity in sampling area. Flow-en: flow velocity 0.1 m from

structure’s downstream end. Gradient refers to the mean gradient over the structure, or over the reference section, based on

the height change (including vertical steps, and vertical weirs) over the distance measured.

Site Site type Conductivity Canopy Aquatic BMWP NTAXA  Flow-sa(m  Flow-en Gradient Depth
(uS em™) cover (%)  cover (%) sh (ms? (%) (m)
lus pipe culvert 568 55 15 136 22 0.376 3.3 0.34
1ds pipe culvert 50 20 0.489 0.513 3.3 0.27
2us pipe culvert 623 60 30 144 24 0.358 31 0.38
2ds pipe culvert 65 35 0.465 0.497 31 0.26
3 reference 610 40 20 146 23 0.528 2.6 0.21
4us pipe culvert 579 55 35 151 26 0.286 2.8 0.28
4ds pipe culvert 50 20 0.395 0.426 2.8 0.24
5 reference 594 35 25 158 21 0.454 15 0.31
6us pipe culvert 731 50 35 122 18 0.318 2.6 0.32
6ds pipe culvert 70 45 0.397 0.421 2.6 0.27
7us pipe culvert 775 60 40 117 22 0.289 2.9 0.29
7ds pipe culvert 65 20 0.395 0.419 29 0.22
8 reference 702 45 25 94 19 0.406 1.9 0.3
9us vertical 663 70 15 92 17 0.304 2.1 0.25
9ds vertical 75 35 0.426 0.458 2.1 0.21
10us vertical 583 60 45 105 20 0.274 24 0.28
10ds vertical 50 20 0.359 0.375 2.4 0.2
11us vertical 604 55 25 113 24 0.249 2.6 0.32
11ds vertical 75 10 0.429 0.485 2.6 0.26
12us box culvert 547 20 15 118 21 0.349 14 0.25
12ds box culvert 35 25 0.373 0.429 14 0.28
13us vertical 497 25 15 125 22 0.426 13 0.29
13ds vertical 20 25 0.407 0.431 1.3 0.23
1l4us  pipe culvert 533 20 15 104 19 0.349 0.8 0.33
14ds  pipe culvert 15 10 0.403 0.427 0.8 0.21
15us vertical 527 25 5 105 17 0.324 11 0.28
15ds vertical 35 15 0.385 0.409 11 0.22
16 reference 472 15 20 94 18 0.351 1.3 0.33
17 reference 596 40 25 139 21 0.529 35 0.31
18us  pipe culvert 668 35 20 148 25 0.367 3.6 0.28
18ds  pipe culvert 45 15 0.592 0.637 3.6 0.22
19us box culvert 623 50 25 158 24 0.428 3.2 0.25
19ds box culvert 30 40 0.401 0.463 3.2 0.3
20 reference 556 25 20 137 22 0.449 29 0.32
21 reference 485 65 85 134 23 0.566 31 0.26
22us arched 433 35 20 163 27 0.501 3 0.37
22ds arched 10 15 0.584 0.613 3 0.35
23us box culvert 631 30 5 81 14 0.482 2.4 0.28
23ds box culvert 35 15 0.417 0.441 24 0.31
24us vertical 484 25 10 93 14 0.329 2.6 0.36
24ds vertical 35 25 0.44 0.477 2.6 0.24
25 reference 419 15 35 91 16 0.426 0.9 0.29
26us vertical 557 25 20 112 24 0.329 14 0.41
26ds vertical 30 15 0.423 0.447 14 0.26
27us vertical 543 35 35 129 22 0.226 13 0.37
27ds vertical 30 30 0.419 0.458 13 0.25
28 reference 576 20 25 123 21 0.326 0.8 0.29
29us vertical 449 30 25 137 23 0.229 11 0.36
29ds vertical 70 30 0.403 0.427 11 0.29
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Table 2.6: Variables as measured on each site on T3. Reference sites are highlighted in orange, and site numbers correspond

with those in Figure 2.4. All values except BMWP and NTAXA are mean values. ds: downstream, us: upstream. Flow-sa:

flow velocity in sampling area. Flow-en: flow velocity 0.1 m from structure’s downstream end. Gradient refers to the mean

gradient over the structure, or over the reference section, based on the height change (including vertical steps, and vertical

weirs) over the distance measured. Arch-box: arch-box combination.

Site Site type Conductivity  Canopy cover ~ Aquaticcover BMWP NTAXA Flow-sa Flow-en Gradient (%) Depth (m)
(1S em™) (%) (%) (msh)  (ms?)

30 reference 317 60 15 107 18 0.226 1.2 0.36
31lus  box bridge 467 50 20 84 15 0.214 0.7 0.35
31ds  box bridge 60 30 0.235 0.127 0.7 0.37
32us  box bridge 397 40 20 91 18 0.222 12 0.33
32ds  box bridge 50 30 0.271 0.245 1.2 0.3

33 reference 418 20 15 132 22 0.315 33 0.28
34us  box culvert 562 80 25 101 18 0.484 3.2 0.23
34ds  box culvert 90 15 0.416 0.461 3.2 0.27

35 reference 379 80 30 114 19 0.281 1.4 0.23
36us  pipe culvert 549 95 40 134 22 0.212 3.1 0.24
36ds  pipe culvert 100 50 0.273 0.414 3.1 0.25

37 reference 315 50 35 142 23 0.288 15 0.17
38us  pipe culvert 879 80 15 71 15 0.037 0.7 0.13
38ds  pipe culvert 60 25 0.044 0.047 0.7 0.09
39us  pipe culvert 698 40 15 64 14 0.349 2.3 0.24
39ds  pipe culvert 60 30 0.404 0.449 2.3 021
40us  pipe culvert 521 5 20 96 18 0.242 2 0.28
40ds  pipe culvert 10 40 0.317 0.291 2 0.21
41us  pipe culvert 707 40 40 88 17 0.216 29 0.27
41ds  pipe culvert 80 70 0.287 0.385 2.9 0.16

42 reference 297 90 15 68 12 0.358 2.7 0.29
43us  box culvert 533 30 25 121 22 0.204 11 0.24
43ds  box culvert 40 40 0.183 0.193 1.1 0.29

44 reference 528 80 25 64 14 0.357 2.6 0.15
45us  pipe culvert 394 40 30 65 13 0.286 3.1 0.33
45ds  pipe culvert 60 40 0.359 0.433 3.1 0.26
46us  pipe culvert 521 15 5 62 13 0.308 3.8 0.37
46ds  pipe culvert 35 10 0.382 0.414 3.8 0.24
47us arch-box 888 10 40 52 11 0.286 1.6 0.25
47ds arch-box 15 50 0.375 0.292 1.6 0.27

48 reference 677 50 25 94 17 0.389 2.8 0.22
49us  pipe culvert 404 55 15 54 13 0.196 17 0.18
49ds  pipe culvert 60 25 0.235 0.239 17 0.21
50us arched 807 75 30 23 7 0.148 11 0.19
50ds arched 90 40 0.131 0.121 1.1 0.21

51 reference 568 70 5 45 11 0.284 22 0.16
52us arched 702 40 30 57 13 0.341 3.2 0.23
52ds arched 60 10 0.335 0.325 3.2 0.2
53us  pipe culvert 971 0 2 79 15 0.219 1.8 0.24
53ds  pipe culvert 70 30 0.297 0.281 1.8 0.17
54us  pipe culvert 1008 0 2 84 17 0.232 3.1 0.26
54ds  pipe culvert 0 2 0.326 0.351 3.1 021
55us arched 978 2 5 64 14 0.282 1.2 0.2
55ds arched 10 5 0.298 0.217 1.2 021
56us arched 427 20 25 57 13 0.259 14 0.23
56ds arched 20 5 0.291 0.224 14 0.18

57 reference 501 0 B 66 14 0.279 1.8 0.16
58us  pipe culvert 989 70 15 31 10 0.234 2 0.18
58ds  pipe culvert 80 25 0.275 0.294 2 0.14
59us  box culvert 1180 98 30 63 15 0.162 11 0.15
59ds  box culvert 95 35 0.129 0.127 11 0.16
60us  pipe culvert 1260 100 20 50 13 0.072 0.6 0.14
60ds  pipe culvert 100 25 0.112 0.098 0.6 0.12
6lus  box culvert 1003 70 20 61 15 0.068 0.7 0.13
61ds  box culvert 80 15 0.092 0.087 0.7 0.14
62us  box culvert 882 70 30 21 7 0.136 0.9 0.17
62ds  box culvert 60 20 0.127 0.147 0.9 0.1
63us arched 912 20 10 48 12 0.114 0.8 0.14
63ds arched 10 10 0.109 0.106 0.8 0.11
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Table 2.8: Variety in parameters between sites (structure and reference) on different tributaries, T1 (n = 16), T2 (n = 13) and
T3 (n = 34). Flow-sa: flow velocity in sampling area. Flow-en: flow velocity 0.1 m from structure’s downstream end. Values
were standardized to reduce normality deviations using a log (for all parameters except canopy cover and aquatic cover) or
square-root transformation. Shown are p values (values in blue are significant) of Mann-Whitney U tests with Benjamini-

Hochberg post-hoc corrections for false discovery rate.

Conductivity Canopy Agquatic BMWP NTAXA Flow-sa Flow-en Gradient Depth

(1S em™) cover (%)  cover (%) (ms? (ms?) (%) (m)
T1-T2 275 .208 .943 712 712 275 .099 712 275
T1-T3 .848 .848 .865 .004 .003 .004 011 .004 .007
T2-T3 .138 .045 .903 .005 .004 .009 012 .008 .018

Cluster analyses, based on Euclidean distance, identified two groups when all sites (reference
sites, and sites downstream and upstream of each respective structure (n = 108 total)) on the three
tributaries were combined (Figure 2.8). Variables used to discriminate between groups consisted of
conductivity, canopy cover, aquatic cover, BMWP, NTAXA, flow velocity in sampling area, flow
velocity 0.1 m from structure’s downstream end, gradient and water depth. Group 1 consisted of sites
located solely on upper T3 (53us, 54ds,us, 55us and reference site 57). Group 2 included the remaining
sites (n = 103). A discriminant function analysis (DFA; Wilk’s A, minimum partial F for entry: 3.84,
maximum partial F for removal: 2.71) showed the variables significantly separating these two groups
were compiled into a function and consisted of, in decreasing contribution, canopy cover, aquatic fish
cover and conductivity (Wilk’s A = 0.641, F = 64.435, p = 0.029). Conditions at Group 1 consisted of
much lower canopy cover and aquatic fish cover, while conductivity was higher relative to the
remaining sites (Figure 2.8). The within-group correlation with the DFA function was 0.799, 0.400 and
-0.509 for the three variables mentioned, respectively. The DFA correctly predicted the status of 97.2%
of the grouped cases, as determined by the cross-validation procedure (leave-one-out method).

Performing an identical analysis, with the same variables entered as in the above analysis for all
reference sites combined on T1, T2 and T3 (n = 18), resulted in a group of sites with more canopy cover
compared to the single reference site without any canopy cover (site 57), and, at the next division,
Group 3 with a higher proportion of canopy cover compared to the other sites (Group 4; Figure 2.9;

Wilk’s L =0.226, F = 20.849, p < 0.001). The within-group correlation of canopy cover with the DFA
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function was 1.084 and all of the cross-validated grouped cases were correctly classified by the DFA. A
hierarchical analysis of the structure sites, grouped for all tributaries (n = 90), identified one group
(Group 5) with lower conductivity and higher shading compared to Group 6 (Figure 2.10; Wilk’s A =
0.331, F =32.114, p = 0.004). The same variables further discriminated between groups of sites within
Group 5, while gradient, mean depth, flow at the downstream end of the structure and BMWP score
were selected for fine-scale grouping of sites. For an overview of the location of site groups on T1 to T3
as identified in the cluster analyses, see Figure 2.11. Although not selected for in the group
classification with Euclidean distance as measure, flow velocity in the sampled area upstream of
structures was lower in 36/45 cases (80%), indicating an impoundment effect of the structures.
Excluding box culverts/bridges (n = 11), where minimal flow regulation was apparent, velocity of flow
was lower upstream of 30/34 structures (88%). Similar results were found for mean depth upstream of
structures, which was higher at 32/45 sites (71%), and not including box culverts/bridges, at 28/34 sites,

or 82%.
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Figure 2.8: Dendrogram of hierarchical classification, based on Euclidean distance, of structure sites (with distinction
between directly downstream (ds) and directly upstream (us)) and reference sites combined for all tributaries examined (T1,
T2, T3; n = 108). Variables: CC: canopy cover (shading), AC: aquatic fish cover, Co: conductivity. Site numbers correspond
with Figure 2.4.
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Figure 2.9: Dendrogram of hierarchical classification, based on Euclidean distance, of reference sites combined for all

tributaries examined (T1, T2, T3; n = 18). Variables: CC: canopy cover (shading), WD: water depth. Site numbers

correspond with Figure 2.4.
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Figure 2.10: Dendrogram of hierarchical classification, based on Euclidean distance, of structure sites (with distinction between directly

downstream (ds) and directly upstream (us)) combined for all tributaries examined (T1, T2, T3, n = 90). Variables: CC: canopy cover

(shading), AC: aquatic fish cover, Co: conductivity, Gr: gradient, MD: mean depth, FD: flow velocity 0.1 m from structure’s downstream
end, BM: BMWP score. Site numbers correspond with Figure 2.4.
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2.3.2 Fish communities

2.3.2.1  Fish species distribution and density

While surveys at T3 were undertaken from late June to mid-August 2013, a relatively dry period, (n =
49 days; 24h air temperature [mean + SD]: 15.4 + 6.7 °C; daily rainfall: 0.8 £ 0.3 mm), at T1 and T2
they were done the following summer. Electric fishing surveys at T1 were performed over a period of
22 days in June 2014, with a 24h air temperature of [mean £ SD] 14.2 £ 4.3 °C, daily rainfall of 1.7 £
3.7 mm, and at T2 over a period of 17 days (24h air temperature [mean + SD]: 13.8 £ 4.5 °C; daily
rainfall: 3.4 £ 1.9 mm), respectively. Fish communities in T1, T2 and T3 (total fish sampled n = 1094,
977 and 2580, respectively) comprised brown trout, bullhead, Eurasian minnow (Phoxinus phoxinus),
stone loach, European eel, three-spined stickleback (Gasterosteus aculeatus) and grayling (Thymallus
thymallus). Eel was sparsely distributed throughout the three studied tributaries, in both summer 2013
and in summer 2014. Grayling was only recorded at site 46 on T3, the only site on T3 surveyed in
summer 2014, and absent in T1 and T2 (Table 2.9, Table 2.10). Mean body length (mm) per species did
not differ significantly between all sites combined on each tributary (T1-T2, T1-T3 and T2-T3; Kruskal-
Wallis H test, p > 0.05 in all cases). Body length of three-spined stickleback at sites 55, 56, 57 and 58
was significantly smaller compared to stickleback sampled at other sites on T3 (Kruskal-Wallis H test,
v*(25) = 24.328, p = 0.021. Post-hoc Mann-Whitney: site 55, U = 442.0, p = 0.036; site 56, U = 385.0, p
=0.029; site 57, U =424.5, p = 0.039 and site 58, U = 376.5, p = 0.024). No other significant
differences were found for species-specific comparisons between sites.

Fish assemblages were generally very depauperate or absent in the headwater areas of streams
on T3 (sites 38, 40, 41, 50, 54, 58-63), an outcome not observed on T1 or T2. Similarly, fish were
present in low numbers upstream of most long culverts (e.g. sites 1, 34, 39, 41, 49, 61; Table 2.9, Table
2.10). On the upper T3, at sites 54-63, stickleback was present almost exclusively. Three-spined
stickleback, tolerant of organically polluted, degraded, warmer habitat conditions (Wootton, 1976) was
very abundant at these sites (Table 2.10). By contrast, of the remaining species sampled, brown trout,
minnow and bullhead are more characteristic of cooler, well-oxygenated, running water (Maitland,
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1994), and were present only in low densities there (Table 2.10). Fish were absent at site 50 and present
in low densities at site 62 (Table 2.10), sites located 60 m and 100 m downstream of a wastewater
treatment works, respectively and exhibited poor water quality metrics (BMWP = 23 and 21,

respectively).
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2.3.2.2 Habitat conditions explaining species presence

A principal component analysis was performed to explore the importance of a range of habitat
conditions to the distribution of each fish species sampled. Included in the analysis were twelve habitat
variables: mean water depth (m), mean channel width (m), mean flow velocity in sampling area (m s%),
substratum index, elevation (masl), gradient (%), canopy cover (%), aquatic cover (%), BMWP score,
conductivity (uS cm™), distance to source (rkm) and number of structures downstream of sampling site
(Table 2.11). For all species combined, in PC1, the most important variables contributing to variation in
species distribution were, in decreasing order of importance, structures downstream of sampling site,
channel width, distance to source and elevation for PC1, and BMWP score, flow velocity in sampling
area, gradient and canopy cover for PC2 (Table 2.11). Total variance explained by the first two
principal components was 52.7% (PC1: 28.5%; PC2: 23.8%). A moderate overlap was found in habitat
conditions at sites where species were sampled (Figure 2.12). Stickleback - and, to a lesser degree,
bullhead and eel - show a moderate shift (as represented by the 95% contour ellipses) towards higher
conductivity values (reflecting total dissolved solutes, and hence often linked to pollution), low flow
velocity, low BMWP score and increased number of structures in between the sample site and the Wear,
compared with other sampled species (Figure 2.12). Very high stickleback densities (mostly small,
juvenile fish) were found at sites 55, 56 and 57 on the upper T3, each with moderate to high
conductivity values, dominant substrate consisting of sand, low flow velocity and low BMWP scores
relative to other sites. Trout, stone loach and especially minnow were more abundant at sites with
higher gradients (Figure 2.12). Trout - abundant at nearly every site where other fish species were
sampled - also was sampled more often at sites with increased distance from source, at wider channels
and with reduced number of structures downstream. Stone loach, but especially trout, was sampled
more often in habitat with a higher substratum index, with increased area cover of gravel, pebble and
cobble. By contrast, stickleback was more abundant in habitat with very low substratum index (sand

substrate; Figure 2.12).
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Table 2.11: Relative contribution of each principal component (PC) to the variation in data of the 12 variables used as input

for PCA. Only those PC’s which explained at least 95% of the variance in data were kept. Therefore three PCs were

removed. The four most important variables in PC1 and PC2 are shown in blue text. Variables: wd: mean water depth (m),

cw: mean channel width (m), fsa: mean flow velocity in sampling area (m s™), el: elevation (masl), gr: gradient (%), cc:

canopy cover (%), ac: aquatic cover (%), bm: BMWP score, co: conductivity (uS cm™), su: substratum index, di: distance to

source (rkm), sds: structures downstream of sampling site.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12
Standard deviation 1.841 1712 1242 1.057 0.926 0.746 0.664 0642 0523 0432 0.403 0.360
Proportion of variance 0.283 0.244 0129 0.093 0.071 0.046 0.037 0.034 0.023 0.016 0.014 0.011
Cumulative proportion 0.283 0527 0655 0.748 0.820 0.866 0903 0937 0960 0976 0989 1.000
wd 0.333 0.280 -0.120 0229 -0.207 0291 -0.413 0.550  -0.202 0.294  -0.027 0.121
cw 0.453 -0.227 -0.094  0.026 -0.153 0.047 0.059  -0.267 0.027  -0.206 0.153 0.753
fsa 0.121 0.368 -0.479  -0.187 0.024  -0.043 0.046 -0.452 -0.341 0.161 -0.485 -0.017
el -0.356 0318 -0.158 0.062 -0.318 -0.215 -0.091 -0.181 -0.318 0.007 0.671 0.057
ar -0.005 0.343 -0.321 -0.382 0504 0.282 -0.103 0.081 0.403  -0.106 0.316 0.093
cc 0.101 0.322 0.529  -0.189 0.204  0.231 0204 0.072 -0531 -0.379 0.007 0.060
ac 0.104 0.320 0523  0.078 -0.081 0.076 -0.432 -0.509 0.338 0.184 -0.031  -0.026
bm 0.140 0418  -0.147 0.393 -0.315 0.007 0.302 0054 0346 -0519 -0.101 -0.193
co -0.308  -0.086 0.008 -0.373 -0.550 0.631 0.177  -0.035 0.102 0.078  -0.086 0.032
su 0.217 0.161 0.133 -0.624 -0.333 -0.549 -0.013 0.280 0.161 0.001  -0.058 0.029
di 0359 -0.319 -0.157 -0.194 -0.127 0.138 -0.406 -0.164 -0.163 -0.386 0.179  -0.522
sds -0.480 -0.019 -0.055 -0.001 -0.010 -0.092 -0.537 0.097 -0.021 -0.483 -0.369 0.301
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Figure 2.12: Principal component analysis of each sampled species’ abundance in relation to surveyed variables: wd: mean
water depth (m), cw: mean channel width (m), fsa: mean flow velocity in sampling area (m s™), el: elevation (masl), gr:
gradient (%), cc: canopy cover (%), ac: aquatic cover (%), bm: BMWP score, co: conductivity (uS cm™), su: substratum
index, di: distance to source (rkm), sds: structures downstream of sampling site. Fish species: bt: brown trout, bh: bullhead,
mw: Eurasian minnow, sl: stone loach, ee: European eel, sh: three-spined stickleback. Since habitat measurements were site-
specific, all individuals per species sampled at a specific site were analysed with identical values of habitat conditions.
Individual data points of multiple species can therefore fall under the same site-specific measurement (and appear stacked,

but each point is taken into account in the 95% contour ellipses).

A hierarchical partitioning approach estimated the total independent contribution of each of the
predictor habitat variables to the distribution of each sampled species (as used before in PCA analysis),
so that the most likely causal variables can be identified. Presented for each species sampled, Figure
2.13 shows canopy cover to be a consistently strong factor for all species except for stickleback. For
trout and minnow, flow velocity in the sampling area, elevation and gradient are variables strongly
explaining for the distribution of the species, conditions reflecting their rheophilic habitat preference.

Distance from source was an important variable for stone loach, other than canopy cover, while the
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most likely causal variables for eel presence/absence were conductivity and flow velocity in the
sampling area (Figure 2.13). Eel was encountered often in high conductivity, slow-moving, nearly
stagnant flow conditions, as was stickleback, both species which have high tolerance to environmental
disturbance (UKTAG, 2008c). Apart from flow velocity and conductivity, substratum index and the
number of structures downstream of the site were important variables for stickleback. The latter variable
was consistently of moderate to high importance in explaining presence/absence for all species analysed

(i.e. all but grayling; Figure 2.13).
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Figure 2.13: Relative contribution of each variable to the percentage of explained variation of each species distribution,
based on hierarchical variation partitioning. Variables: wd: mean water depth (m), cw: mean channel width (m), fsa: mean
flow velocity in sampling area (m s™), el: elevation (masl), gr: gradient (%), cc: canopy cover (%), ac: aquatic cover (%),
bm: BMWP score, co: conductivity (uS cm™), di: distance to source (rkm), bd: number of structures downstream of sampling
site. Fish species: bt: brown trout, bh: bullhead, mw: Eurasian minnow, sl: stone loach, ee: European eel, sb: three-spined
stickleback.
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2.3.2.3 Obstacle effects on fish species densities

Comparisons of fish density per species between sites on T1-T2, T2-T3 and T1-T3, between reference
sites for the same combinations, and between groups of sites (Groups 1 to 6, as presented in Figures
2.6, 2.7, 2.8) are shown in Table 2.12. Grayling densities were excluded from this analysis, as this
species only occurred at site 46. Comparing density per fish species for all species sampled at structure
and reference sites on T1-T2, T2-T3 and T1-T3, significant differences were found between all
combinations, but especially between the latter (Table 2.12). Only three-spined stickleback differed
markedly in density between reference sites on T1 and T3, while all other species sampled on reference
sites of T1-T2, T2-T3 and T1-T3 had similar density. While groups of sites were distinguished by
different habitat conditions (as identified by cluster analyses, see Figures 2.6, 2.7, 2.8), no significant
differences were found in fish densities between them. These findings suggest rather different
community characteristics at structure sites in the stream systems despite their close geographical

proximity.

Table 2.12: Mann-Whitney U tests (shown are p values only, with significant differences in blue, corrected for false
discovery rate with post-hoc Benjamini-Hochberg procedure) of fish species densities, with upstream and downstream
sections included per site, between site combinations across tributaries and between groups of sites (see Figures 2.6, 2.7,
2.8). str.: structure sites, ref.: reference sites.

Site combinations bt bh mw sl ee sb
T1-T2 (str. +ref) .024 210 .150 .156 .147 .150
T2-T3 (str. +ref) .048 .790 .246 .168 .240 .246
T1-T3 (str. +ref) .004 .049 .007 .958 .009 .013
ref. T1-ref.T2 327 624 221 .455 371 .467
ref.T2-ref.T3 548 257 1.000 .841 .244 .052
ref. T1-ref.T3 216 .643 .064 .273 .132 .039
Groups 1-2 .200 .694 .158 .303 .294 .172

Groups 3-4 459 055 .657 .517 .755 .175
Groups 5-6 302 572 434 111 .385 .282

Although differences in fish species densities across the three streams were apparent, pairwise
comparisons of densities of fish species were first made on structure types for the three streams

combined in order to increase sample size, and then also for T1, T2 and T3 separately for those
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structure types with sufficient sample size (n > 5) in the particular stream. For T3 comparisons, sites
forming Group 6 (# 53 - # 55, see Figure 2.10) were excluded from the analysis, as habitat conditions at
these sites were markedly different, with higher conductivity and lower canopy cover than the
remaining structure-sites on T3. Using a pairwise comparison between downstream and upstream
densities for each species per structure type (all structures combined), identified pipe culverts had
significantly higher fish densities downstream relative to upstream (Table 2.13). Excluding pipe
culverts on T3, variety in density was not significant between both sides of this structure-type
(Wilcoxon signed rank test, corrected for false discovery rate with post-hoc Benjamini-Hochberg
procedure: Z =-1.672, p = 0.083). Fish densities directly downstream of arched culverts were
significantly higher than those directly upstream (Table 2.13). Differences in fish densities above and
below vertical weirs, a group of structures which included two structures with multiple small vertical
weirs (steps) close together, were marginally insignificant. Vertical weirs were located on T1 and T2,
but not on T3 (see Table 2.3, Table 2.4). Fish density per species was more homogeneous above and
below bridge-type structures (arched and box) and at the arch-box combination, but testing for

significance was not possible due to small sample size (n =1, n =3 and n = 1, respectively).

Table 2.13: Wilcoxon signed rank tests (corrected for false discovery rate with post-hoc Benjamini-Hochberg procedure) on
densities per species (matched pairs of species between downstream and upstream sections) of different types of structures

surveyed for T1, T2 and T3 combined, and T1 and T3 separately. No types of structures with n > 5 sample size were located

on T2 solely.
Type of structure Wilcoxon signed rank test
Pipe culverts (n = 19) Z =-3.506, p =0.009
Box culverts (n = 8) Z=-2.824,p=0.033
T1,72,73 Arched culverts (n = 5) Z=-2.197,p=0.028
Vertical weirs (n = 8) Z=-1.171,p=0.054
T1 Pipe culverts (n = 6) Z=-1.643,p=0.048
Vertical weirs (n = 5) Z=-1.396, p = 0.058
T3excl. Group 6  Pipe culverts (n = 10) Z=-3.753,p=0.014
sites (#53-55) oy culverts (n = 5) Z=-2.551, p = 0.011

While the most abundant fish species in Group 1 of sites identified by cluster analysis (see

Figure 2.8) was three-spined stickleback, in Group 2 this was brown trout (Table 2.14). Group 1, a
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small subsample (n =5, all located on the upper T3) of all sites (structure and reference) surveyed for
this study (n = 108), was distinguished from Group 2 by lower canopy cover and aquatic cover
combined with higher conductivity (Figure 2.8). Between Group 3 and Group 4 (which discriminated
between reference sites solely; Figure 2.9), a markedly higher mean bullhead density and higher mean
stickleback density was observed in the former (Table 2.14). The latter group of sites had lower mean
canopy cover and higher mean water depth than the former (Figure 2.9). Between groups of structure-
sites, Group 5 (lower mean conductivity, higher mean canopy cover; Figure 2.10) and Group 6 (a small
subsample, n = 4, located on the upper T3; Figure 2.11), the former contained higher mean trout density
and lower mean stickleback density (Table 2.14).

Table 2.14: Mean fish species densities (no. 100 m) per group of sites, as identified in Figures 2.8, 2.9, 2.10. Grayling was

not included in this comparison. bt: brown trout, bh: bullhead, mw: minnow, sl: stone loach, ee: European eel, sh: three-

spined stickleback.

bt bh mw sl ee sb
Group 1 4.9 4.9 2.1 0.9 0.0 56.0
Group 2 12.7 4.3 5.7 2.7 0.3 6.1
Group 3 19.9 10.3 9.9 4.4 0.5 16.4
Group 4 16.2 3.9 7.3 5.8 0.2 24
Group 5 11.3 34 4.9 2.2 0.3 6.0
Group 6 54 4.9 2.6 0.0 0.0 41.2

Total fish density on T1, T2 and T3 (for reference sites and structure sites, separated by
downstream and upstream sections adjacent to structures) against distance from the Wear confluence is
shown in Figure 2.14a. With increasing distance from the Wear confluence (and with increasing
number of in-river structures in between the sampling site and the confluence), no trend in
increased/decreased total fish density was observed for T1-T3. For species specifically, and including
structure sites solely, differences in fish densities above and below each structure (shown as A species
density and calculated by subtracting the species density calculated for the upstream section of the
structure from the density downstream of the structure) are presented in Figure 2.14b. A positive A fish
density value represents a higher fish density downstream of the respective structure compared to the

upstream density. On all three tributaries, but especially for T2 and T3, fish were generally more
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abundant downstream of structures than upstream, with the notable exception of minnow on T2 and
stickleback on T3, which were sampled relatively frequently upstream of some structures further away
from the Wear confluence (Figure 2.14b). Fish density per species was not significantly correlated with
distance to source on T1 - T3, except for eel on T2 (Spearman rho: ps = 0.537, p = 0.048), and for
brown trout, stone loach and eel on T3 (ps = 0.395, p = 0.009; ps = 0.347, p = 0.044; ps = 0.326, p =
0.045, respectively). These positive p values indicate densities of the tested species were greater with

increasing distance from the source on T2 and T3.
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2.3.2.4  Fish species composition similarity between tributaries

and distance between sites

Euclidean dissimilarity in fish community composition was used to examine differences between all
possible site combinations for T1, T2 and T3 separately, based on fish densities per species sampled at
all sites (Table 2.15, Table 2.16, Table 2.17). For this analysis, no distinction was made between
downstream and upstream sections of structure-sites. Instead, individuals per species were summed and
the fish community was compared between sites. Mean species dissimilarity was lowest for site
combinations on T1 (mean £ SD [range]: 0.30 + 0.14 [0.02 - 0.68], Table 2.15), followed by those on
T2 (0.59 + 0.34 [0.05 - 1.41], Table 2.16) and on T3 (0.93 + 0.38 [0 - 1.41], Table 2.17). On T1, there
was no significant spatial autocorrelation found of Euclidean similarity in species composition with
distance between sites (Kendall’s Tau: 7, = -0.031, p = 0.618). Neither on T2 did species composition
vary significantly with increasing distance between sites (z, = -0.019, p = 0.525). In both these cases, a
very weak, but insignificant, inverse correlation was apparent between Euclidean similarity in species
composition and distance between sites, as shown by marginally negative z, values for T1 and T2. By
contrast, at T3, a significantly negative spatial autocorrelation was found between Euclidean similarity
in species composition and distance between sites (z, = -0.289, p = 0.047): similarity in species

composition between sites was inversely related to distance between sites.

123



124

TFT°0 EET'0 8T 0 LTF D GET' 0 FET°0 0sT 0 EIE0 LLO'O 9910 Il R TN FIT° 0 FOT' R 85E°0 (3=3) 91
E0T°0 5LY0 FLE D 9T [3T°0 SET°0 0ot 0 0310 ST 0T E6T°0 oo 20T DOE0 (pd) 21
95t0 EEF 0 0T SFT0 89T°0 a0 I3T°0 FE0°0 99T E8T°0 8FT0 [30°0 CIE0 (ma) 1
S10°0 6T 0 SLED oo FE9°0 99¢°0 LOS" 0 L&6T0 21E0 PO LTED LI90 (a) £1
EEF D 69E°0 FEFO FE9°0 99¢°0 9050 86T°0 60870 99t 0 ETE0 1eo [=a) T
6T°0 0oF 0 FFE0 ETT°0 G6TT 0 9T 8IE0 2910 50870 08F 0 [=a) 11
E6T°0 29+°0 LLTO LOE 0 FET O FLT'O GTE D 08T 88£°0 (=28) 01

6TE 0 0FE 0 LBTO EIF D 9cE0 OLED FIT R IIE0 [x28) g
59¢°0 AN 090 FFF 0 9ET0 FET O 80¥°0 (=) 8

0T 96070 FOT0 [3T°0 L¥T'0 ¥ D (ad)

L&D 1970 66070 60T 0 FFED (2d) g

9rT0 0T PEED EL¥D

B3) ¢

[

1870 SETD £9570 (d)+
£0T 0 orTF o (=1} ¢
¥aT0 pdz
fedycr ()1 (2q) gl (a7 () IT (ema) 0l (a2} (=5 g (d} ¢ (=d} g F=5 g {ed) (3=5) ¢ (2d) 7 EL 5

"3aNE 20UIAJ21 ;]3I ‘UONELILIOD X0 q-T[JIE
12QE ‘aSpuq paaIE (qE (12180l 2502 (sdais) smeam [EIIMRA [dOOUU [, Mam [EJTHRA tma “PRAMD PRURIE (E “WaaMd xoq 2q ‘Waamo adid :od tad4y amionns =i 21801pW0
sasaruared W s1ele "7 2amSLy v puodsanios srequmu 215 saads 12d sanIsusp UEY U0 pasEq (Pamood palIsHIEp)SaN[EA IS UEL] $310S [ENPLAPLI Usamlaq

suomsodio AN YSY JE[ILIS 21010 21EJPUL (PMo[od par-IysT / -Uo) San[Es Tam0] "1 U0 23S 10 womsoduios sarads w AJUE[UOSSp UEPaNT (0] 7 8/9B]1



9iTo £3T°0 IEE°0 LT ETED LTA N 9EED FOS0 080 GFL 0 E1L°0 (a9) 6T
£80°0 8FT°0 LBE0D E5T°0 880°0 IET0 N 9IF 0 £T9°0 SEL°D (323) 8T
01T o EIF 0 ooTo 500 E3T°0 0530 90 090 SrL0 [=a) 1T
E8E°0 5T LETD LITO S6L°0 E5F0 GF3°0 FEED [sma) 9T
FLT D 95F 0 LIE0 980 S19°0 1680 860 (3=3) T
L¥T0 G6rI0 £9L°0 0570 FTLD F98°0 (ma) T
IET0 £E19°0 E5F 0 850 [ fA (2 £T
FIE 0 G950 LG 0 GFE0 (78} IT
8L 0 TL9°0 8IL°0 3= 1T
G810 ETL0 (3=3) 0T
06t 0 (20 61
(od) g1
(327} 8T (o) LT (s} 9T (383) T (aa) ¥ (o) €T (o) I (3=} 17 (327} 0T (2} 61 (od} g1 (3=5) L1 g

“31s 20URIa]21 J21 “28pug X0q:1qq ‘masm [EITHRA tas THIAND PAL2IE (0E “MaAM2 Xoq toq ‘waama adid :od :ad 4y smionns s 21E01pin
sasatuaIed W 1313 "f 7 S4nSiy it puodsamos staquumu 2315 -satoads 1ad samisuap UsY w0 pRsEq (pamolod pallaIEDR)SIT[EA TIPS UEL] S35 [ENPIATPTI Waamlaq

suomsodires AJUMIIoD ST IEILIS 3I0LI 3P (PaInojod paI-Jysy / -Wot) San[Ea Ism0o "7 U0 $a)s 10f vwonsoduos seweds mn AJUEMINSSID UESPINT (07 7 8/gn]

125



T80 000 000

(200 00 [950) EE
() e

| oo | (a1 18
(~d) o
(200 6¢
d) gc
=L
() ge
(aEh s
(d) ¢
o0 150 £E0 IFD BED () gg
950 150 | B0 690 590 s
=1
(== o5
150 Lon oFD it ODer
#1060 8FD SO0 (EREF
EF0 LD BEQ OS0 DOEif
owo (60T LoD 190 Der
00 #0090 Lo Doy
(=0 ¥
#T0 1O LR
T0 £50 i (=0 T
() ¥
(=d) o
(20}
) gg
50 FERLE
60 1¥0 (dog
050 10 (ERcE
TE0 OF0 BED LE0 U EE
TLD LS50 810 (EEE
650 B0 (awdIe

T TEO
L]

90 ST 190 180 €50 160 TL0 50 150

oo

EFO LEn €50

oo .w.—.__...

0D #EOQ
e TFED
LFD &F0

80

oFD (au1s
ey (pad (A (20 (d) (R (=) Ai_ d d (= @) 0= od @ 0 (D G& () (g (g (4 (od G& G @ of E o0 E ol 00 B .
9 19 09 65 g5 L5 9C FC £ T8 15 0E  6F  8F  iF  9F ok ¥ F OF g€ LE  9E £ ¥E  £E ¢ If  0f

‘19 PUE ¢ ‘g€ 215 1E pajdites 2l ‘sardads AUE Jo “USY Op] 3 20URIaJal

A1 U0 EMIGUUOD XOgq-121E :2qE ‘25puq payfaie (qE “8puq xoq: qq ‘M [EIIaA A “HaAMD PAY2IE 12E “Haald Xoq 12q ‘Waama adid tad :adiy amyonns s s3e2pIn
sasaruared i 18118 p 7 S4nS1y v puodsainog staqumu 315 -satoads 1ad sansuLp UE U0 pasEq (PRmMo[od PaIIsNIEp) SaMEA ISUSN] UEL] S35 [ENPIATPLE UaaMm1aq
suomsodiios AJUMILLIoD YT TE[LIOS 210TU 3} EJPLI (Pamofod Pal-JySy / -10u) Sen[EA a0 "¢ U0 Sa)s 10 uonsodios satoeds Ip WESPIINT i/ [ 7 &/90]

126



2.3.2.5 Impacts of multiple obstacle types on fish community composition

Comparing Euclidean dissimilarity indexes for downstream and upstream sections of each structure
separately, the highest mean dissimilarity value was calculated for pipe culverts (n = 19 for T1, T2 and
T3 combined; mean £ SD [range]: 0.56 + 0.35 [0 - 1.01]), indicating that fish community compositions
were considerably different directly upstream of pipe culverts compared to directly downstream. Two
other types of culverts, arched culverts (n = 5) and box culverts (n = 8), had Euclidean dissimilarity
indexes of 0.47 £ 0.22 [0.02 - 0.74] and 0.44 + 0.23 [0.06 - 0.79] for density-combinations of above and
below each structure, respectively. Fish communities above and below vertical weirs were found to be
more similar, but still moderately high (0.34 + 0.09 [0.21 - 0.56]). The remaining structure-types
surveyed (arched bridges, box bridges and the arch-box combination) had lower dissimilarity values. A
Kruskal Wallis test identified significant differences among Euclidean dissimilarities at types of
structures (X2(3) =7.162, p = 0.047). Post-hoc Mann-Whitney U tests, corrected for false discovery rate
(Benjamini and Hochberg, 1995), showed downstream-upstream dissimilarity indexes to be
significantly different between pipe culverts - vertical weirs, pipe culverts - arched culverts and pipe
culverts - box culverts (U = 28.0, p = 0.046; U = 18.5, p = 0.029 and U = 15.0, p = 0.018, respectively).
Other combinations between these structure-types were insignificant, while arched bridges, box bridges

and the arch-box combination was excluded due to low sample size.
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2.4 Discussion

This study examined spatial differences in fish densities in three stream networks, with habitat
fragmentation occurring through multiple types of engineered in-stream structures. Effects of habitat
conditions and structures on fish species densities and fish community composition directly adjacent to

structures were examined.

2.4.1 Differences in fish community between stream networks

A site classification approach grouped sites based on multiple environmental variables, and fish
communities were partly examined by this classification. While fish abundance at sites on a stream
network with areas of poor water quality (T3) was lower in the upper reaches where water quality was
worst and recolonization potential much diminished due to obstacles, on stream networks with better
water quality, and less obstacles, this effect was not found. At sites where poor biological water quality
was found by macro-invertebrate sampling (e.g. at site 50 and 62, both immediately downstream of
wastewater treatment works), fish density and species richness was very low. Shannon-Wiener indexes
were more similar downstream compared to upstream of structures on T1 and T2, and were more
diverse on T3, especially for sites located on the upper T3. For sites where one species was dominant
(e.g. stickleback for part of the upper T3 sites), Simpson’s Index (Simpson, 1949) could arguably have
been used, as this biodiversity index measures dominance in addition to estimating species richness.
Large differences in the Shannon index for downstream versus upstream communities at sites may
indicate a stronger fragmentation effect of the respective structure compared to structures with lower
differences in the index.

Widespread field and urban runoff, wastewater inflows and minewater seepage can all alter
water quality, as reflected with elevated conductivity and reduced biotic indexes of water quality, as
was especially evident in T3 in this study. At sites 55-63 located on the upper reaches of T3, where
habitat quality was poor (as evidenced by low BMWP scores), stickleback - tolerant to polluted
environments - was most abundant out of all species sampled. Point source pollution from agricultural
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sources, waste water treatment and urban sources in combination with diffuse pollution originating from
coalmining and agriculture may have affected water quality throughout T1, T2 but especially T3.
Riparian landuse along T3 was predominantly for agricultural purposes, and waste water input was
observed at regular intervals. Consequently, reaches of T3 may have reduced habitat quality, and may
be subject to an increased risk of organic pollution and possibly eutrophication. Since tolerance levels
may differ between fish species, organically enriched and oxygen-poor environments may have a
drastic effect on local fish community composition. For 134 sites located on 103 streams throughout
Wisconsin, USA, Wang et al. (1997) examined relationships between watershed land use and habitat
quality, and between watershed land use and biotic integrity. They found a positive relationship of
habitat quality and biotic integrity with the amount of forested land, while the same measures of stream
quality were inversely related with the amount of agricultural land in the riparian area and in the
watershed. Furthermore, a strong negative association was found between urban land use and biotic
integrity, and this association was weak, but significant, for habitat quality (Wang et al., 1997). While
mining-induced diffuse pollution impacts are still likely to influence water quality on all three
tributaries examined, biotic integrity may be affected by environmental effects originating from

agriculture and urban areas, including waste water runoff, and by river habitat fragmentation.

2.4.2 Obstacle effects on fish communities

Stream continuum was disrupted substantially for each of the tributaries studied. Several types of in-
stream structures contributed to habitat fragmentation, whereby different types of structures showed
considerable variation in their influence on the adjacent fish community. The study could have
benefitted from reference sites located on obstacle-free tributaries, where anadromous fish populations
are theoretically not hindered by obstacles from the sea to the reference site. However, for the current
study, it was not feasible to survey such reference sites, as no unfragmented streams with similar habitat

conditions as the study sites are located in the surrounding area of the studied stream networks.
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Fish density per species was significantly greater downstream vs. upstream of culvert-type
structures, but did not differ significantly - when structure-types on all tributaries were combined - for
other types of structures, such as box bridges and vertical weirs. Based on Euclidean distance between
fish community composition above and below each type of structure, a similar outcome as with
Wilcoxon signed rank tests on fish density per species was found: dissimilarity indexes were high for all
types of culverts (especially for pipe culverts), and were more similar for bridge-type structures. These
findings are in accordance with the amount of flow manipulation occurring at the different types of
structures, as pipe culverts alter flow substantially, even under low water levels (thereby impeding fish
passage), while arched and box bridges and box culverts do not disrupt flow as much. Studying spatial
behaviour of 21 fish species, Warren and Pardew (1998) reported decreased fish passage through pipe
culverts compared to box culverts, ford crossings and natural reaches. No significant effect on fish
movement was found for crossing fords, nor for box culverts. In the current study, fish densities varied
more, in general, between downstream and upstream sections at culvert-type structures than at bridges.
Long culverts may have a more confounding effect on flow than relatively short bridges. Additionally,
illumination may play an important role in fish passage. Dark conditions in culverts may deter fish from
entering it (e.g. trout - Larinier, 2002b; Kemp and Williams, 2009; Welsh et al., 2016) and potentially
hinders upstream recolonization of habitat. In many of the arch, box and pipe culverts examined for this
study, (nearly) dark conditions were observed.

Surprisingly, dissimilarity indexes of upstream/downstream fish community composition for
vertical weirs were lower than culvert structures, though with a higher minimum index value, and were
insignificant for fish density comparisons. This is a counterintuitive outcome, as vertical weirs, even
with low head, often have an impoundment effect thereby altering habitat conditions near (for low head
weirs) the structure. A change in habitat may be reflected in altered benthic fauna (Spence and Hynes,
1971; Ogbeibu and Oribhabor, 2002) and may impact fish populations (Herbert et al., 2003; Gauld et
al., 2013; Mbaka and Mwaniki, 2015). As such, significant differences in fish density per species and

high Euclidean indexes of fish community composition between upstream and downstream sections of
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the weirs would be expected. It is likely that, due to good habitat quality in most of T1 and T2, healthy
fish populations may repopulate sections above weirs through downstream drift of source populations
located further upstream, or potentially through fish traversing the weir in upstream direction (for weirs
with low head, or at higher head weirs for stronger swimmers with jumping capacity, i.e. trout). The
impoundment effect on habitat conditions may not be so substantial for the low head weirs in the
present study, also considering the survey reach extended beyond the immediate impact. Some fish,
such as larger trout parr and minnow, may occur in the slower, deeper water which mimics natural ‘pool'
water. While pipe culverts showed significant differences between fish densities when all structures (on
T1-T3) were included, this was no longer significant when only T1 and T2 pipe culverts were
considered. This complies with high fitness fish populations capable of recolonization and possibly
passage over structures on T1 and T2. Also, to increase sample size, structures consisting of a series of
small vertical weirs (steps; two in total, located on lower T1) were grouped with structures consisting of
a single, often higher vertical weir. Fish may have traversed such stepped structures more easily than a
single, higher weir, because of the availability of resting pools downstream of each individual step,
allowing fish to recover, regain energy and gain momentum under elevated water levels to ascend the
structure and disperse upstream.

Often, small in-stream structures at road-stream intersections hinder free fish passage, especially
when road crossings consist partly of culverts instead of having a non-culverted bridge shape
(Thompson and Rahel, 1998; Warren and Pardew, 1998). Other than increased water velocity, the
position of the culvert outlet (so that a vertical step is formed) and shallow water depths within the
culvert itself limit fish passage through culverts (Taylor and Love, 2003). Since culvert crossings are
more cost-effective than bridges, they are very abundant in small streams (Gibson et al., 2005). In a
study within an Appalachian watershed in eastern West Virginia, US, Poplar-Jeffers et al. (2009) found
that the largest contributor to hindering free passage of brook trout (Salvelinus fontinalis) through
culverts is high gradient (slope exceeding 5%), followed by presence of a vertical step at the outlet. By

contrast, Gibson et al. (2005) and Fitch (1995) reported outlet hang height (in essence, identical to a

131



vertical step at the outlet, especially under low flow conditions) and shallow water depth below the
outlet and within the culvert to be the most important parameters influencing fish passage. Poplar-
Jeffers et al. (2009) argue this difference is because of the high quantity of culverts located on high-
gradient streams (slope of more than 5%) in their study. If culverts are constructed at a lower grade than
the stream, a vertical step at the outlet is often created which may be higher than the vertical distance
fish can leap, while culverts placed with an angle identical to or greater than the stream’s will form
velocity obstacles under high flow conditions (Poplar-Jeffers et al., 2009). In the present study, road
crossings were surveyed on T1 and T3, and differences in fish density per species above and below the
structures were shown. Although structure gradients over 5% were not recorded during the study,
vertical steps at the outlet of culverts may have hindered fish passage substantially, especially for small-

bodied, weaker swimmers.

2.4.3 Distance from main river and multiple obstacles in relation to fish density

River habitat fragmentation, resulting in reduced longitudinal connectivity, may alter population
dynamics and threaten the persistence of fish species (Fausch et al., 2002; Chick et al., 2006). The
presence of a single structure or multiple structures downstream of a fish sampling site may strongly
impact fish abundance at that site and for reaches located further upstream. For example, reduced
longitudinal connectivity can result in less immigration of fish into the population (which in turn
reduces gene flow between population fragments (Yamamoto et al., 2004)). Brown trout densities as
found in the current study were low in general (by a factor 2 to 8 compared to e.g. results of fish density
surveying in similar Danish streams - N. Jepsen, pers. comm.). This may partly be the result of poor
habitat quality in general (including point-source and diffuse pollution) in the stream network studied
here, poor recruitment (no repeat sampling was done for the current study), different stream
morphology or a different electric fishing surveying protocol used.

Studies have described the spatial correlation of fish community composition with distance from

source, being related especially with the species richness (e.g. Angermeier and Schlosser, 1989; Gillette
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et al., 2005; Poulet, 2007). In the present study, no significant differences were found for species-
specific occurrence in relation to distance from the source for each tributary separately, except for eel
on T2, and for brown trout, stone loach and eel on T3, of which densities were higher with increasing
distance from the source. Trout and eel, (partially) migratory species, may have been hindered in their
upstream migration and accumulated downstream of substantial obstacles, while other, non-migratory
species sampled may have used local dispersal behaviour and downstream drift, originating from source
populations further upstream, to colonize habitat (bullhead, minnow, stone loach, stickleback). Grayling
was only found at one site of all sites surveyed, moderately close to the confluence on T3. Mean fish
species richness was higher, especially on T3, closer to the confluence with the main river Wear. While
survey sites on T1 and T3 were located along much of the tributary’s length, on T2 no surveying was
done on the lower reaches. There were no in-stream structures located downstream of site 27 on the
Browney except for an EA-owned Crump flow-gauging weir. The structure, expected to form an
obstacle to fish dispersal and migration especially under low flow conditions due to a pre-impoundment
with a combined head of 1.9 m at Qso, was not included in the current study because of safety reasons
during surveying. While this obstacle could potentially be traversed by trout under elevated water
levels, whereby deep pools allow the trout to gain momentum to leap from pool to pool and recovering
in each, eel does not have the capacity to jump, and has moderate burst swimming capacity (Beamish,
1978; Tytell, 2007). This complies with significantly higher eel densities further away from the source
on T2 unlike trout densities, which were abundant further up the stream.

On T3, unlike the other stream networks studied, species composition was significantly different
with distance between sites. This could be attributed to the increased number, and density, of obstacles
in the stream network, good water quality and habitat conditions with good access from the main river
in lower reaches versus isolated, poor quality of habitat and water closer to the source of T3. Since no
sampling was done on the lower reaches of T2, species likely to occur in the lower Wear (e.g. gudgeon
(Gobio gobio), grayling, dace (Leuciscus leuciscus), perch (Perca fluviatilis) and different lamprey

(Lampetra) species were not included in analyses.
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2.4.4 Combined effects of habitat conditions, pollution and fragmentation

How a structure affects fish dispersal and migration may become apparent under low flow conditions,
during which fish may find it difficult or impossible to pass in-stream structures (Warren and Pardew,
1998). Small-bodied species such as bullhead, stone loach and minnow might also be affected in their
ability to disperse by low water levels. During the two survey periods for the present study, in summer
2013 for T3 and in summer 2014 for T1 and T2, weather conditions were dry and warm, especially in
summer 2013. These conditions could partly have caused fish to temporarily disperse outside the survey
sites to habitat with more suitable conditions (e.g. cooler, deeper water). During the periods of low
summer flow, individual fish may not have been able to traverse structures, especially in an upstream
direction. Consequently, recolonization of reaches above (and below) structures may have been limited.

Higher mean densities of fish species upstream of structures (as found in the present study for
the above mentioned types of culverts) relative to downstream reaches could be explained by
occurrence of winter and spring spates. These high-flow events may have a scouring effect on fishes
(Franssen et al., 2006; Fullerton et al., 2010) as well as on benthic invertebrate fauna (Matthews, 2012).
A possible washout effect, whereby elevated flow conditions can displace a population partly or
completely from above to below a (series of) structure(s) combined with low obstacle permeability may
limit or prevent recolonization upstream, and can alter fish community composition. Such a washout
effect can have a significant impact on year-to-year stream fish abundance (Schlosser, 1985; Nehring,
1988).

When high discharge events occur prior to recruitment, fish populations may be heavily affected
directly but also on the long-term, as a result of spawning disruption and by damage to eggs, larvae
and/or juveniles (Nehring, 1988). As a result, recruitment success may vary among species which
spawn at different times of year, when high discharge events are more/less likely to happen (Gard and
Flittner, 1974). Resulting fluctuations in the relative abundance of species with different life histories
consequently have an effect on density-dependent processes, such as predation and competition (Jepsen

et al., 2000). Stochastic environmental events, such as high discharge events, in highly variable
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environments are thus contributing to variation in community patterns (Strange et al., 1992). Although
during the surveying time periods for the present study, no high discharge events occurred in the study
area, such events may have taken place prior to the surveying. Consequently, fish communities may still
have been recovering and were potentially attempting to recolonize previously occupied habitat,
hindered by the presence of multiple obstacles on T3 especially.

Attempting to gain insight in a fish community composition without repeated surveying may
potentially produce less accurate results on the abundance of fish species and the biotic integrity of
stream sections in general. In a river system impounded by low-head obstacles in Kansas, USA, Gillette
et al. (2005) found that temporal variation in the assemblage structure of mostly small-bodied fish
species was stronger than spatial variation. Temporal variation was associated with fish life history
events (e.g. spawning, recruitment), as well as changing abiotic conditions, such as seasonal variation.
Since the current study was designed as a one-off survey of fish communities, with sampling on T3 in
summer 2013, and on T1 and T2 in summer 2014, whereby a single survey for fish densities was
performed at each site, temporal variation of fish assemblies was not accounted for adequately.
However, the species sampled are mostly regarded as residents (stone loach, bullhead), or present year
round in the juvenile stage (e.g. brown trout).

A fish survey approach should account for the whole length of the stream in question, and
should include all sub-tributaries in a fragmented stream network where applicable. This was accounted
for in the current study, except for the lower T2 (where no in-stream structures were present). By
contrast, the EA surveys for fish abundance on T3 - undertaken roughly biennial and contributing to
assessment of the water body’s ecological water quality status in the context of WFD - take place at a
single survey site. This site is located on the lower T3, near to the Wear confluence (close to site 30 in
Figure 2.4), without obstacles in between the main river Wear and the survey site. Together with good
water and habitat quality as evidenced in the present study, the relatively good, unobstructed access to
this single survey site is likely to produce biased outcomes on the fish assembly, and does not reflect the

overall status of the stream network (consisting of three water bodies, each requiring WFD
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classification) adequately. This is exemplified by the occasional occurrence of low densities of salmon
parr and fry in EA’s survey sessions on the lower T3 and on the lower T2. Despite salmon being
abundant in the main Wear (EA, 2014; EA, 2016b), no individuals were observed during sampling
sessions for the current study. Since the fish distribution prediction scheme used by the EA (NFCS2, see
Section 1.4.2) predicts salmon to occur in T2 and T3 based on suitable habitat conditions and
accessibility, absence of this species causes the respective water bodies to not achieve good ecological
(fish) status. Low densities, even a single individual, of salmon sampled infrequently in a water body (a
scenario which may happen relatively easily at the single, good access EA survey site on T3) may thus
heavily influence the classification of that water body.

In addition to the flow manipulation effect of in-stream structures, changes in sedimentation are
also apparent (e.g. Wheeler et al., 2005). Hatchlings of various fish species experience reduced survival
rate through accumulation of fine sediments in the substrate (Kemp et al., 2011), and this is reported for
young salmonids as well (Guillemette et al., 2011). Fish communities surveyed in the present study may
possibly have been impacted by sedimentation through alteration of flow regime, or may have avoided
areas where unsuitable substrate was located. Furthermore, the transport and deposition of fine sediment
may lead to reduced densities of benthic invertebrates, which in turn reduces survival probabilities of
fish (Harvey and Railsback, 2009). In the present study, the impoundment effect of structures on
hydromorphology contributed to increased sand and silt deposition directly above structures.
Downstream of structures a mixture of pebble, cobble and sand was often present. However, sampling
areas above and below structures extended beyond these sections where impoundment effects were
most apparent, and contained a mixture of multiple substrate and flow types. As such, local habitat
conditions were suitable for the fish species analysed in this study at the majority of sites surveyed,
though, logically, some variation in habitat existed, especially between downstream and upstream
sections of structures.

Fish species’ distribution and abundance is strongly dependent on individual or combinations of

microhabitat variables (Santucci et al., 2015). In the present study, habitat heterogeneity was higher at
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reference sites than at structure-sites, especially upstream of structures, although the sampled stretch
extended beyond the immediate impoundment effect of the structure, so that a variety of habitat
conditions near structures were included. This confounding effect of structures, especially flow-
regulating culverts and vertical weirs, on habitat conditions complicates discriminating between the
effect of reduced connectivity and of altered habitat on fish community composition downstream and
upstream of the structure. To differentiate between this entangled effect, survey sections could be
selected more distant from the structure, where habitat conditions are more homogenous between
downstream and upstream sections.

In addition to local habitat conditions, predictions of distribution patterns of stream fishes may
also be influenced by species dispersal ability (Radinger and Wolter, 2015). Based on occurrence of 17
common fish species in a highly fragmented sand bed river in northern Germany, multiple-year
simulation models showed probability of species occurrence to be positively correlated with habitat
suitability at the site (Radinger and Wolter, 2015). A higher dispersal ability increased the likelihood of
species occurrence, and, considering short time periods (1 to 2 years), dispersal was a factor four more
important for species occurrence than habitat suitability. Over longer time periods, habitat suitability
and dispersal ability became more equal in explaining species occurrence. In the present study, species
were sampled at sites with a range of habitat conditions (although three-spined stickleback was sampled
especially in degraded reaches mostly higher up the stream systems) and dispersal ability is likely to
have played a major role in a species presence/absence at a site. In the highly fragmented reaches of
especially T3, ability to disperse may be of crucial importance to overcoming obstacles, especially
under low summer flow. It is evident that the habitat fragmentation effect of in-stream obstacles cannot
be assessed independently. In order to effectively restore fragmented stream networks, management
schemes should include a habitat and water quality improvement component in addition to connectivity

measures.
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2.4.5 Connectivity restoration in the context of the Water Framework Directive

In order to develop better, more cost-effective connectivity restoration schemes, prioritizing in-stream
obstacles to fish movement for retrofitting work or removal actions is crucial (O’Hanley and Tomberlin,
2005; O'Hanley, 2011; O’Hanley et al., 2013; King et al., 2016). In the current river management
environment, evaluation of connectivity restoration plans tends to be focused on fish passage at the site
scale and often neglects the context of each project at the wider watershed scale (Kemp and O'Hanley,
2010). Successfully reconnecting reaches at one site may not necessarily result in a more ecologically
viable stream, especially in heavily impounded streams such as the ones addressed in the present study.
The number of obstacles and variation in water and habitat quality, including pollution, upstream or
downstream of the evaluated reach is often not taken into account (King et al., 2016). ‘Total stream
length opened’ is a criterion often used to evaluate river restoration projects (Kemp and O'Hanley,
2010), often valuing other important criteria insufficiently. A solution to this problem can potentially be
found in modelling assessment and prioritisation methods (e.g. Diebel et al., 2015; King et al., 2016).
Mitigation measures should prioritise dams and weirs with low permeability located on mid- to high-
order streams (King et al., 2016). Although in the current study T2 is a mid-order stream, number and
density of obstacles is not as high as on T3, and river and habitat quality is better on most of T2. While
a significant obstacle exists on the lower T2, which restricts access to good habitat throughout T2,
including on the Deerness, an even more important obstacle is located on the main river Wear (ca. 29
rkm downstream of T2 confluence with Wear). Long-distance migratory species will still be restricted
in their upstream migration by this major obstacle if obstacles further upstream are mitigated before.
Given the continuum of rivers and stream systems, obstacle mitigation and habitat improvement works
may not have a desirable effect if no work is undertaken upstream and downstream of an obstacle
(Kemp and O'Hanley, 2010). Since obstacle removal is costly and since funds required to restore a
fragmented stream system often far outnumber the budget available, it is important to quantify the
benefits and costs associated with barrier removal or mitigation before prioritising connectivity works

(Kemp and O'Hanley, 2010). In the highly fragmented T3 especially, but also on T1 and T2, no funds
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were available to mitigate the numerous obstacles. As such, it is recommended to mitigate those
obstacles where good quality habitat and water quality is located downstream and upstream of the
structure, close to Wear confluence, and where fish density comparisons and community composition
showed high differences between sections above relative to below the respective structure. Additionally,
it is crucial that local water quality and habitat conditions, e.g. from wastewater runoff and/or
agricultural runoff, receive adequate attention, since restoring physical connectivity within a fragmented
stream network may not improve the local fish community substantially if habitat conditions, and
thereby availability of trophic dependencies such as invertebrates, are poor.

In order to evaluate how effective restoration works are for improving the local fish community,
and for alleviating upstream and downstream passage over structures, an approach should ideally
include individual-specific marking or tagging. Furthermore, repeated survey sessions, ideally before
and after connectivity restoration is undertaken, provides better insight into the impact of the structures,
and the effect of removal/mitigation measures on fish dispersal and migration. Such an approach allows
for fine-scale fish movement in a (previously) fragmented stream to be assessed and quantified, for a

variety of fish species and life stages.
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Chapter 3




Evaluating the effectiveness of restoring longitudinal connectivity for stream fish

communities: towards a more holistic approach

Extended version of publication: Tummers, J.S., Hudson, S., Lucas, M.C. 2016a. Evaluating the effectiveness of restoring
longitudinal connectivity for stream fish communities: towards a more holistic approach. Science of the Total Environment

569-570: 850-860.

3.1 Introduction

Due to resource exploitation by humans, river habitats have become increasingly fragmented (Poff et
al., 1997; Nilsson et al., 2005), threatening aquatic species’ abundance, distribution and diversity (e.g.
Dunham et al., 1997; Vaughn and Taylor, 1999; Khan and Colbo, 2008) and wider ecosystem integrity
(Fahrig, 2003; Pringle, 2003). Loss of connectivity between river habitats is often a result of
construction of physical obstacles to migration and dispersal, such as dams, weirs and culverts (e.g.
Morita and Yamamoto, 2001; Gehrke et al., 2002; Park et al., 2008; Doehring et al., 2011; Hall et al.,
2011). Much attention has been paid to the partial or complete blocking effects of obstructions on the
migration success and population persistence of diadromous fishes, migrating between freshwater and
marine environments (McDowall, 1992; Baras and Lucas, 2001). Obstacles may also be strongly
detrimental to species migrating or dispersing entirely in freshwater (Lucas and Batley, 1996; Porto et
al., 1999; Branco et al., 2012; Gough et al., 2012; Benitez et al., 2015). Dispersal is crucial for
population persistence and is intrinsic to ecological, behavioural and evolutionary processes (McMahon
and Matter, 2006; Urban et al., 2009). Longitudinal reconnection is increasingly a major goal of river
restoration (Fullerton et al., 2010; Kemp and O’Hanley, 2010).

Rehabilitation of stream ecosystem function and biodiversity often requires reversal of the
impacts of multiple stressors (Palmer et al., 2005; Bernhardt and Palmer, 2007; Fullerton et al., 2010;
Wohl et al., 2015). For example, improvements in water quality and physical habitat diversity, and
reinstatement of more natural hydraulic connectivity may be needed to support a more abundant and
diverse fish assemblage (Van Dijk et al., 1995; Bernhardt and Palmer, 2007). Degraded aquatic

communities can recover from past environmental insults only if recolonization opportunities are
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provided (Langford et al., 2009). Where past pollution incidents, for example, have eliminated
populations in river reaches, recolonization requires dispersal from adjacent population sources.
Downstream fish dispersal is usually relatively easy, including by passive means, but under certain
conditions, for example in reservoirs located upstream of hydroelectric dams, downstream-dispersing
fish may encounter migration delay, injury or even mortality when traversing the structure (Lucas and
Baras, 2001). In depopulated low-stream-order channels, recolonization is much more likely to entail
upstream movement. Strongly-swimming species such as adult salmonids may pass small obstacles in
order to access such habitat for spawning and resultant nursery habitat (Ovidio and Philippart, 2002),
while in other cases deliberate restocking has been used to aid recolonization (Cowx, 1994). However,
most species in fish assemblages are not of economic importance and many are small, with a limited
ability to pass upstream of physical obstacles (Utzinger et al., 1998; Warren and Pardew, 1998; Helfrich
et al., 1999; Bolland et al., 2009). Nevertheless, they can contribute markedly to diversity and
ecosystem function. If stream and river rehabilitation practices are to be effective in restoring diverse
habitats and natural communities then they need to facilitate bidirectional dispersal of native fishes and
other animals, not just enable concerted migrations of a few economically important species (Calles and
Greenberg, 2007, 2009; Gough et al., 2012). Such an approach is needed to address the
hydromorphological modifications which, in many cases, are inhibiting restoration towards the
reference assemblage conditions (‘good ecological status’) required by the European Water Framework
Directive (WFD) (Kemp and O’Hanley, 2010).

The preferred method of reinstituting effective longitudinal connectivity is physical removal of
obstructions where possible (Poff and Hart, 2002; Garcia de Leaniz, 2008). Obstruction removal is
sometimes not feasible due to budgetary constraints, its original function including flood prevention, or
cultural history reasons. To improve migration and dispersal connectivity, passes for various biota
(mostly fish) have been developed and evaluated (Clay, 1995; Larinier and Travade, 2002; Roscoe and

Hinch, 2010; Bunt et al., 2012; Noonan et al., 2012). However, an adequate understanding of the
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ecological response to barrier removal or mitigation (provision of passes for biota) is required in order
to prioritize restoration efforts and maximize returns on an often limited budget.

To be valuable in river restoration, fish passes should operate effectively for a wide range of
species yet often they are of limited efficacy for target species (e.g. salmonids) (Aarestrup et al., 2003;
Caudill et al., 2007) or the wider fish community (Mallen-Cooper and Brand, 2007; Bunt et al., 2012;
Foulds and Lucas, 2013). In recent decades more effort has been made to improve longitudinal
connectivity for a greater proportion of native fish species, including by barrier removal, use of low-
gradient technical passes and nature-like passage solutions (Jungwirth, 1996; Calles and Greenberg,
2007; Gough et al., 2012). The effectiveness of particular fishway designs for fish taxa has been
compared in several reviews (Roscoe and Hinch, 2010; Bunt et al., 2012; Noonan et al., 2012).
Increased emphasis has also been placed upon predicting the most effective methods of reducing
fragmentation at a catchment scale (Kemp and O’Hanley, 2010; Bourne et al., 2011). However, few
empirical studies have examined the effects of connectivity restoration both at individual sites and on a
wider spatial scale for fish communities. Ideally such studies should employ methods to describe
changes in community composition and species abundance, combined with those measuring
colonisation and migration processes (Lucas and Baras, 2001). Where possible they should also
incorporate a BACI design (Pretty et al., 2003). The most commonly available data by which river
managers can attempt to evaluate the outcomes of stream connectivity restoration on fishes are
quantitative or semi-quantitative fish surveys, including those required for the European WFD (Jepsen
and Pont, 2007). However, the degree to which fish community data, combined with environmental and
GIS analyses can reflect connectivity processes in rivers with barrier networks (Branco et al., 2012) is
debatable.

This study aimed to measure the effectiveness of reconnection of a tributary stream on the fish
assemblage structure and in terms of movements of key species and life stages. A combination of
quantitative community sampling, capture-mark-recapture and telemetry methods were employed in a

BACI approach, within the constraints of limited control over the timing of restorative activities at
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different sites. The utility of this multi-method, more holistic, approach to better understand how stream

fishes with strong or weak dispersal potential respond to barrier removal is discussed.

3.2 Methods

3.2.1 Study site

Situated in NE England, the River Deerness (source: lat. 54.747910, long. -1.8004704; elevation 275 m
above mean sea level; mean annual discharge in lower reaches ca. 0.5 m*s™) flows eastwards for 14.6
rkm through mixed agricultural land and woodland cover, with the riparian zone mostly consisting of
semi-natural wood and shrubs, before it joins the River Browney, a tributary of the lower River Wear.
The Deerness and Browney subcatchments have flashy hydrology, responding rapidly to rainfall. The
subcatchments are characterised mostly by pool-riffle-run habitats, dominated by cobble and gravel
substrate. Several villages occur close by and there is public access to extensive riparian areas. The
subcatchments have a coal mining heritage and coal spill occurs regularly in the riparian soils. Strong
pollution, mostly associated with coal mining and coking activities from the middle of the 19™ century
to the late 1960s, caused poor water quality throughout much of the catchment (Emery, 1984). In the
early 1970s, substantive remediation actions commenced to counter the habitat degradation and severe
pollution. Since then, Deerness water quality has dramatically improved although phosphorus levels
still exceed WFD targets, largely due to diffuse inputs. By 1973, biological water quality had improved
in the main Wear and in the Deerness, evident through abundant Baetidae and Ephemerellidae, macro-
invertebrate mayfly families indicating moderate to high water quality (Brown, 1974), although that
study was not part of a formal biological monitoring programme. Figure 3.1 presents Deerness water
quality measurements as obtained by the EA, for the period 1990 - 2014. Biotic index scores (NTAXA,
ASPT and BMWP) were obtained through biannual sampling, and each of these scores show a general
improvement of the Deerness water quality from 1990 - 2014. Ammonia, dissolved oxygen, nitrate and
phosphate were measured multiple times a year (roughly monthly), except for the period 1990-1999, for
which mean annual measurements are shown. While dissolved oxygen is relatively stable close to
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100%, or supersaturated at times, ammonia, nitrate and phosphate concentrations show high fluctuation
over the years. These physico-chemical measurements were taken at four locations on the Deerness, two
on the upper Deerness (halfway and near the source of WB3), one 40 m downstream of a waste water
treatment works effluent (situated 30 m upstream of WB2/WB3/WB4 merge) and one sampling location
at the Deerness confluence with the Browney (Figure 3.2). Ammonia, nitrate, phosphate and dissolved
oxygen measurements showed location-specific variances: at the two locations nearer the Deerness
headwaters, mean + SD of ammonia, nitrate, phosphate and dissolved oxygen measurements were 0.045
+0.081 mg L™, 0.543 + 0.256 mg L™, 0.025 + 0.008 mg L™ and 97.800 + 4.958% saturation,
respectively. Just downstream of the waste water treatment works (on WB2), these values were 0.173 £
0.619 mg L™, 1.356 + 1.532 mg L™, 0.106 + 0.324 mg L™ and 96.226 + 9.502% saturation. At the site
furthest downstream (on WB4), values of 0.088 + 0.085 mg L™, 3.583 + 1.109 mg L, 0.364 + 0.280
mg L™ and 100.708 + 11.263% saturation were measured, respectively. Concentrations were
consistently lower on the upper reaches of the Deerness, and much higher values were measured on the
middle (near sink of WB2) and lower Deerness (near sink of WB4).

In support of the WFD river basin management plans (EU, 2000; DEFRA, 2016), Table 3.1
presents data of classification scores, sampled by the EA, for each of the major surface water quality
indicators for the three water bodies which the Deerness subcatchment comprises (Figure 3.2).
Information is presented for ecological and chemical status (see Section 1.4). Hydromorphological
supporting elements and physico-chemical quality elements were relatively stable, and of good / high
status, throughout the survey period, except for ammonia and phosphate. While ammonia changed from
‘high’ status in 2009-2013 to ‘moderate’ in 2014-2015 on the water bodies located more upstream in the
subcatchment (WB2 and WB3; Figure 3.2), phosphate concentration was of poor quality on the lower
Deerness (WB4) from 2009-2015, and was worse in 2014-2015 in WB2 and WB3 compared to the

preceding period (Table 3.1).
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The Deerness fish fauna consists mainly of the sea-going and freshwater-resident morphotypes
of brown trout, European bullhead, Eurasian minnow and stone loach. European eel and grayling are
very sparsely distributed throughout the Deerness. Atlantic salmon (Salmo salar), although now again
abundant in the Wear catchment due to water quality improvements since the 1960s, is absent in the
Deerness and rare in the Browney (Environment Agency, unpublished data). Sporadic fish surveying by
the EA in the Deerness began in 2001, when brown trout, bullhead, minnow and stone loach were
enumerated within single-sample surveys for WFD classification of the fish community. Much of the
Deerness subcatchment fails WFD classification for fish (EA, 2016a), mainly due to the absence of
salmon (EA, 2014; EA, 2016b).

River engineering development along the Deerness over the last two centuries resulted in
numerous channel modifications, some of which degraded or were lost, and others which were built or
updated throughout the 20" century, particularly at numerous road crossings. In 2012-13 eight in-
channel engineered structures were identified (by the Wear Rivers Trust, WRT) on the Deerness and its
tributaries (Figure 3.3) likely hindering fish movement, comprising, from downstream to upstream, a
stepped weir and bridge support (hereafter termed site 1 (S1)), a vertical weir and a pipe-bridge crossing
ford (S2 and S3, respectively), four pipe bridge fords (S4, S5, S6, S7), and a pipe culvert (S8) (Figure
3.4). Of these eight structures, six were modified (Table 3.2) with the aim of improving connectivity by
the WRT through a grant from the Catchment Restoration Fund England during the timescale of this
study. This enabled for before and after conditions to be used in analyses (Table 3.2), albeit with
restoration work timescales largely dictated by works and budgetary profiling. A bridge apron (BA)
close to the Deerness confluence (Figure 3.3), with shallow water at low flows, was identified as a
potential impediment to fish movement only in 2014 and modified (by WRT) in 2015 to increase water
depth over a reduced channel width, while an EA-owned Crump flow-gauging weir without a fish pass
was present on the lower Browney (Figure 3.3) and was outside the scope of the connectivity

restoration work for this study.
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Figure 3.4: Selection of photographs of structures studied on the River Deerness, grouped per type of structure for S1-S8
(see Table 3.2, Figure 3.3), before (left) and after (right) restoration actions were completed, where applicable. All pictures
were taken under baseflow conditions, except for S8 pre-mitigation. S1, stepped weir and with part-width rock ramp pass;
S2, sloping plus step weir and with nature-like bypass; S3-S7, pipe bridge fords with full channel width single span bridges

for S4-S6; S8, pipe culvert with nature-like pool-weir approach raising tailwater level.
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3.2.2  Study design

The connectivity restoration rationale on the Deerness was to remove anthropogenic obstructions where
possible and where not, to use nature-like passage approaches, so as to facilitate natural river processes
and support dispersal of aquatic biota (Jungwirth, 1996; Garcia de Leaniz, 2008). Obstructions located
at S4, S5 and S6 were effectively removed by conversion to single span full-channel width bridges with
natural substrate. Connectivity mitigation measures were implemented at S1 (rock ramp), S2 (nature-
like bypass) and S8 (nature like pool-weir to culvert entrance), while S3 and S7 were left unrestored
during the study and provided site controls over the study duration. For a visual representation of the
flow velocity and depth characteristics of each of the identified Deerness structures before and after
connectivity restoration see Appendix 1. Most structures were removed/modified between October 2013
and April 2014, with the exception of S8 (October 2012), S6 (August 2014) and the bridge apron at the
Deerness-Browney confluence (March 2015).

Several complementary methods were used in situ, in the stream ecosystem, during the study
period (September 2012 - July 2015) to evaluate the impacts of aforementioned in-stream structures and
their removal/mitigation on movements (including passage efficiency and dispersal) and on fish
assemblage structure and fish abundance. Movement studies examined a strong swimmer, brown trout,
and a poor swimmer, bullhead (Cottidae, typical of a benthic swimming guild) to reflect the breadth of
swimming performance (Beamish, 1978; Videler, 1993). Bullhead is an EU Habitats Directive listed
species, typical of swiftly-flowing streams but lost from many watercourses for which even small
obstructions restrict its distribution and recolonization potential (Utzinger et al., 1998; Knaepkens et al.,

2006).

3.2.3 Habitat, environmental conditions and macroinvertebrates

Two vertically mounted sensors (Onset HOBO U20 Water Level Data Logger, U20-001-01) logging
water temperature and pressure were deployed, one 120 m downstream of S2 and another one 100 m

downstream of S8, and were operational from July 2013 to July 2015 with < 0.1% downtime. Water
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temperature and absolute pressure were recorded every 15 minutes (x 0.44 °C and £ 0.33 kPa (0.5 cm
water level), respectively). Pressure data were subsequently calibrated with barometric pressure and
reference water levels to produce river stage records at these two locations. Mean daily discharge data at
GS were obtained from the Environment Agency. Water temperature, water depth and discharge may
influence fish density and alter dispersal and migration behaviour (e.g. Bret et al., 2015). River habitat
surveys were conducted downstream and upstream (80 m stretch both directions) of each Deerness
structure (n = 8) as outlined by the Scottish Fisheries Co-Ordination Centre (SFCC, 2007). Depth and
velocity grid arrays of point-measurements - starting 20 m downstream and ending 20 m upstream -
near the obstacles before and after connectivity restoration were generated using Comsol Multiphysics
5.0. For this, depth and flow were measured with ca. 0.5 m intervals across the full channel width and
with the same intervals along the length of each 20 m survey area. Flow velocity was measured at 60%
depth with an electromagnetic flow meter (Valeport model 801). Wider insight into local ecological
quality (by contrast to restoration of physical connectivity) was gained from benthic macroinvertebrate
assemblages, sampled biannually upstream of six structures (S1, S2, S4, S6, S7, S8) from autumn 2012
to autumn 2014, following the protocol described in Section 2.2.3. It is assumed that because of limited
distance between S2 and S3 (0.12 rkm) and between S4 and S5 (0.14 rkm), one invertebrate sample at
each location adequately represented the biotic index for the river section in which the two structures

are situated.

3.2.4  Fish assemblages and densities

Since the available EA fish survey data referred to a select few sites (sampled annually in the early
2000’s, and biennially after that) on the middle-lower Deerness, with locations distant from in-stream
structures, those data were of limited historic or contemporary use for examining fish population
responses to connectivity restoration. To determine fish assemblages and the density of species above
and below each of the Deerness structures, quantitative depletion electric fishing was performed (see

Section 2.2.3) in July 2013-2015 at S1-S8 and September 2012 at S7 and S8 only. At sites S7 and S8,
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furthest upstream, where in 2012 only brown trout were caught, survey lengths were extended (single
fishing, up to ca.700 m above the structures) to confirm the absence of other species in 2012 and to

record the extent of colonisation in subsequent years.

3.2.5 Capture-mark-recapture surveys of dispersal and passage

In order to measure dispersal and record upstream and downstream passage of bullhead and juvenile
trout past river structures, capture-mark-recapture (CMR) employing electric fishing in adjacent 20 m
zones, enclosed with stop nets, was used at S1-S8. The degree of bias in CMR data is reliant upon the
distribution of sampling effort and has low temporal resolution, so is not normally ideal for measuring
fish passage, whether from dispersal or from distinct migrations (Lucas and Baras, 2000). However, it
has the benefit of being able to mark large samples cheaply, which may be needed to detect the small
number of actively dispersing fish in a population (Lucas and Baras, 2000); it is also a commonly used
fisheries tool. Lastly, although PIT telemetry (Cooke et al., 2012) could be applied at specific sites to
record approach and passage of individually marked fish, this would not be suitable for the smallest
fish, and also pilot studies showed that several sites e.g. S1 were highly susceptible to vandalism.
Survey zones for CMR centred on the site of an obstacle, or former obstacle, and progressed
away from it, upstream and downstream of the obstacle/restored obstacle location, so as to evaluate the
structure’s permeability and the effect the structure has on fish species’ movement behaviour.
Surveying was done before and after (in summer-autumn 2013 and 2014) modifications to most
structures (treatment sites), or at unrestored structures (control sites). On each fishing date, one electric
fishing pass-through was carried out in each zone and all fish caught were removed from the stream and
kept in zone-specific aerated tubs. Trout and bullhead were measured and those over 50 mm long were
tagged under anaesthesia with PIT tags or visible implant elastomer (VIE), dependent on body length.
Fish tagging was done under UK Home Office Licence, in accordance with the Animals (Scientific
Procedures) Act 1986. Uniquely coded PIT tags were scanned for tag number before body insertion

using an ARE H5 AEG ID ISO hand-held scanner, able to scan both FDX and HDX type PIT tags. VIE
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tagging was site-, zone- and date-specific and multiple colours and tag locations were selected for
injecting the elastomer beneath the epidermis, so that it remained externally visible (Figure 3.5). Fish of
50-79 mm were VIE tagged, while those > 80 mm but < 90 mm were tagged in the body cavity with an
8 x 1.4 mm PIT tag (FDX-B, weight 0.027 g in air) by using a needle injector. For individuals > 90 mm
but <120 mm, a 12 x 2.12 mm PIT tag (HDX, 134.2 kHz, 0.1 g in air) was used for tagging, while fish
> 120 mm were tagged with a 23 x 3.65 mm PIT tag (HDX, 134.2 kHz, 0.6 g in air). All trout <90 mm
were age 0+ fry, while over 95% of trout > 90 mm were age 1+ or 2+ parr. For 12 and 23 mm PITs, a
mid-ventral scalpel incision was made and the tag inserted into the body cavity. Following recovery (ca.

15 mins), fish were released in the centre of their 20 m capture zone.

Figure 3.5: Example of a VVIE -marked bullhead, showing clear pink and green marks on the anatomical left and right side of the anal fin.

This fish was thus captured, tagged, recaptured, tagged, recaptured.

Recapture surveys were performed as single passes in the same enclosed 20 m zones. The
number of zones surveyed increased both upstream and downstream for each following recapture
survey (up to 240 m above and below the structure at the last recapture survey each year, following a
method of 3, 7, 10, 12 zones surveyed each side of the structure on successive survey dates), allowing
fish movement between survey zones including possible passage over the structure (upstream or
downstream), and between sites, to be studied (Figure 3.6). Three recapture surveys, following the
initial tagging survey, were performed with ca. 3 week intervals from July to October in 2013 and 2014
at S1-S8. On resurvey, sampled fish were carefully checked for VIE/PIT tags, and a VIE or PIT tag
applied to unmarked fish. Recaptured individuals were released into the zone in which they were caught

on that occasion (not necessarily the original release zone). If a recaptured fish was VIE tagged already,
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it was VIE tagged again with a new zone- and date-specific mark combination to allow for an
assessment of movement between zones on multiple occasions (Figure 3.5). If recaptured fish had
grown sufficiently, they were PIT tagged instead of being given a new VIE mark. Over the two tagging
periods (summer 2013 and 2014), a total of 6791 trout and bullhead were tagged (PIT: n = 1152 brown
trout, n = 362 bullhead individuals in the 2013 CMR campaign, and n = 1093 and n = 146 in the
following CMR campaign, respectively; VIE: n = 2715 brown trout, n = 488 bullhead individuals for

2013, and n =568 and n = 267 for 2014, respectively).

downstream upstream
SHney 3 240 m 240 m
Sl & 200 m 200 m
e 140 m 140m
SNy 4 60 m 60m
L1101 [opetasie L4 L 1111111

20m (nr?1 zone)

240 m (n = 12 zones)

Figure 3.6: Schematic representation of the capture-mark-recapture surveying protocol used in the study. Following the initial capture
survey, three recapture surveys were conducted with increasing distances (delimited by consecutive 20 m zones; initial capture survey
distance of 2 x 60 m, last recapture survey distance of 2 x 240 m) sampled in both directions at each site in summer 2013 and summer

2014.

To calculate expected passage numbers at obstacles/connectivity-restored sites, assuming a
100% permeable structure, observed dispersal distances of tagged trout and bullhead distant from the
immediate vicinity of the in-river structures (i.e. released more than 40 m away from the structure or
site of prior location) were used to generate upstream and downstream dispersal probability
distributions. This distance away from the structure was chosen, since the majority of movement by
individual fish was 40 m (two zones) or less while still retaining a large enough sample size of
individual fish to be used for dispersal estimates. For each zone below a structure, the number of tagged
trout or bullhead recorded (released) over the study period was multiplied by the probability of
dispersing past the structure in its absence. The probability-abundance product was summed for all

zones to generate the total frequency of tagged fish expected to pass the obstacle in the study period and
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compared with the observed number of recaptures upstream of the obstacle, assuming equal recapture
and survival probability. The same process was done for estimating downstream dispersal past the

obstacle location for each species to compare against observed frequencies of downstream passage.

3.2.6 Upstream passage efficacy of homing juvenile trout

In order to evaluate permeability of several in-stream Deerness structures before modification, and to
assess the efficacy of mitigation measures, wild 12-25 cm long trout (n = 138) were caught 10-200 m
upstream of the structure, PIT tagged (23 mm long tag) under anaesthesia and displaced 20-50 m
downstream of the structure in August 2012. Using such an approach, species with high site fidelity
(e.g. brown trout) are stimulated to return to where they were captured (homing behaviour - Armstrong
and Herbert, 1997). In September 2012, after 2-3 weeks at liberty, including during elevated flows,
recapture surveys of treatment groups (displaced from above to below structure) and control groups
(displaced a short distance downstream (ca. 150 m), but not over the structure) were used to assess the
permeability of S1, S2, S3 and S8, before restoration.

Displacements of PIT tagged (23 mm x 3.65 mm tags) juvenile 12-25 cm trout from upstream to
downstream of several sites with fish passes (n = 70 at one site, n = 83 at a different site) were used to
measure passage efficiency during low water conditions (representing worst case passage conditions)
over short, intensive experiments. The short duration of these experiments (because most attempted
homing occurs within a few days of release) meant vandalism risk (equipment removal or damage) was
minimised, but the risk was still too great to carry it out at all sites (e.g. S1). These fish displacements,
in which trout were captured by electric fishing 20-200 m upstream of the structure and released ca. 30
m downstream of the pass, were performed at sites S2 and S8 in autumn 2014. Passage attempts and
success rates of individually tagged fish were recorded with half-duplex PIT logging systems (Bolland
et al., 2009), with interrogating antennas placed at the downstream entrance and upstream exit of the
fishway. Upon detection of a PIT tagged fish, a record was made of date, time, antenna number and PIT
tag code. Powered by 12V leisure batteries, the system was operational > 99.9% of the time during each

5-6 day test and was tested daily for detection efficiency. Tests were carried out with a pole-mounted 23
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mm PIT tag, comprising 50 passes (slow, ca. 0.1 m s and fast, ca. 1 m s™) through the downstream and
upstream antennas. This was repeated before and after every data download (daily) and tag detection
efficiencies (mean + SD) were 97.3 + 3.3% and 96.7 * 3.0% respectively at downstream and upstream
antennae for S2; 96.7 £ 3.0% and 97.3 + 2.1% for S8 (Sep 2014); 94.7 =+ 4.1% and 93.3 + 3.3% for S8
(Nov 2014). Ideally, such a fixed PIT array with automatic interrogating antennas should have been
deployed during the 2012 displacement study, as it minimizes the risk of not detecting fish due to catch
inefficiency, a problem regularly encountered during manual fishing recapture surveys. However, risk

of vandalism prevented such deployment at the start of the study in 2012.

3.2.7 Radio telemetry of trout during the spawning migration

Individual and cumulative passage efficiency of engineered structures, was evaluated for adult trout
during the 2014 spawning migration by radio telemetry. River-resident brown trout, and anadromous
sea trout are dependent on their upstream migration from potentially the main Wear or the North Sea,
respectively, to reach their spawning grounds or to exploit richer feeding grounds (brown trout). This
migration initiates in June and spawning occurs in late autumn (Lucas and Baras, 2001). Suitable trout
spawning habitat is located throughout the Deerness and its tributaries. Penetration through the
Deerness spawning tributary could potentially be hindered by the eight structures mentioned earlier
(two of which remained unrestored) and two further structures; a bridge apron (BA) situated 20 m
upstream of the Deerness-Browney confluence (DBC, Figure 3.3), with a 0.15 m vertical drop at the
downstream end and shallow (< 5 cm) water depth across the apron width during baseflow (restored in
March 2015), and, on the lower Browney, a Crump-weir flow-gauging station (GS, Figure 3.3) without
a fish pass but with a pre-impoundment to raise tailwater levels (combined head, 1.9 m at Qs discharge;
P. Kerr, Environment Agency, pers. comm.). Radio telemetry was thus undertaken on the Deerness /
Browney with 6 structures restored (S1, S2, S4-S6, S8) and 4 structures where no connectivity

restoration had been done (yet) (GS, BA, S3, S7).

159



Sea trout (n = 32; 5 males, 27 females) on their upstream spawning migration, and river-resident
brown trout (n = 7; 6 males, 1 female) were caught on the lower Deerness and lower Browney by
electric fishing over five sessions (22 Oct 2014 - 13 Nov 2014, initially at release locations ca. 500 m
downstream of GS, and later on the lower Deerness (Table 3.3)). Fish for tagging were anaesthetised
(see above) and fork length (mm), weight (g), pre-spawning condition, sex and morphotype were
recorded. Trout were tagged with a 173 MHz radio-transmitter (ATS model F1040, weight 2.5 g in air,
pulse width 15 ms, 30/41 ppm; or ATS model F1440 (weight 2.1 g in air, pulse width 17 ms, 40 ppm) in
combination with a 23 or 32 mm x 3.65 mm PIT tag (HDX, Texas Instruments, 134.2 kHz, weight 0.6
or 0.8 g in air, respectively) by making a mid-ventral incision and inserting the sterilized radio-
transmitter and PIT tag into the body cavity, while the transmitter’s whip antenna was directed through
the musculature and integument above the left pelvic fin. Three separate sutures were used to close the
incision. Radio-tags were distinguished by frequency and pulse rate. Fish were allowed to fully recover

(ca. 1 h) in aerated water and released at capture locations (Table 3.3).

Table 3.3: Adult brown trout (river-resident) and sea trout tagging dates and release locations (ds: downstream, us: upstream)
for tracking during the spawning migration. B: released in lower Browney, D: released in lower Deerness. Mean fork length

(cm) and range in parentheses.

Date Release location Brown trout PIT + radio-tagged Sea trout PIT + radio-tagged
22/10/2014 550 m ds GS (B) 1(35.5) 4 (54.8;40.7 - 75.4)
23/10/2014 400 mds GS (B) 1(35.0) 9 (55.0; 44.9-72.0)
29/10/2014 480 m ds GS (B) 0 11 (56.9; 45.5 - 68.0)
12/11/2014 350 mds S1 (D) 5(26.8; 22.7 - 33.5) 1(52.6)
13/11/2014 40 m us BA (D) 0 7 (53.6; 49.2 - 60.5)

Bankside telemetry walkover surveys were conducted six days per week, commencing on the
first release date (22 October 2014), up to 15.4 km along the Browney and along the Deerness from
DBC up to 500 m upstream of S7 and up to 500 m upstream of S8 using a hand-held frequency
scanning receiver (Biotrack Sika) and a 3-element Yagi antenna. Deployment of stationary automatic
logging stations was not feasible due to excessive vandalism risk and budgetary constraints in relation
to structure quantity. The river bank was walked in ca. 70 m sections before halting and scanning

through transmitter frequencies. After acquiring the radio-tag location (+ 5 m accuracy), date and time
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were recorded. Fish were radio-tracked from 22 Oct 2014 through 23 Dec 2014, and continued on 12
January 2015 through 21 January 2015 for a total of 63 tracking days. Cross-channel paired antenna PIT
telemetry systems set up for a related study (Winter et al., 2016) at three locations on the lower
Deerness (0.81 rkm, 2.31 rkm and 5.37 rkm upstream of DBC) provided detailed temporal and

movement direction detection data at these sites.

3.2.8 Statistical approach and modelling

Univariate statistical analyses (Kruskal-Wallis tests; Mann-Whitney U tests; x° tests; Wilcoxon signed
rank tests) were performed using SPSS version 22 (IBM Corp., 2013), with an a level of significance of
0.05. Length comparisons between groups of fish which succeeded or failed to pass barriers, combined
for all sites, were performed using parametric, normally distributed data, while other tests used were
non-parametric. To obtain fish population estimates for each site, and to calculate fish density per
species, the same protocol was used as described in Section 2.2.3. For the displacement study of
juvenile trout, time taken for trout to locate the fishway, duration of ascent and length distributions
among the three displacement studies were tested using Kruskal-Wallis H and Mann-Whitney U tests.
Wilcoxon signed rank tests were performed to test for significant differences in body length of brown
trout that traversed a structure in upstream or downstream direction relative to body length of
individuals tagged at the respective structure (paired analysis). The same test was used to compare
densities of trout, bullhead, minnow and stone loach (of all age classes sampled) downstream of
structures with upstream densities, combined for all connectivity-restored structures (paired analysis).
Distances moved by brown trout and bullhead in 20 m connected longitudinal zones were
natural-log transformed. Laplace double exponential kernel density functions were then used, which
distinguish between homogeneous populations (consisting of individuals with similar dispersal
behaviour) and heterogeneous populations (where a portion of individuals is resident and the other is

mobile). Density functions to visualize barrier effect on dispersal behaviour for homogenous
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populations consisted of the Laplace density function (f., no barrier effect) (Coombs and Rodriguez,

2007), and the barrier Laplace kernel (fg.) (Rodriguez, 2010):

fes=  Eep (D)

( -|B]
ﬁ[::c__ﬁ}—exp(?)[l-Ic}ﬁ[.‘c-f:l._ﬁ} forx=bandb<0
as well as
L8l = ¢ forx=bandb>0
-|B]
exp(?)kﬁ_(x-fl._ﬁ) forx<bandb<0
as well as
L forx=band 5>0

where X represents the distance from point of recapture to where the individual was first released (m), &
is the mean dispersal distance in the population (m), k is the permeability parameter on a scale from 0.0
(non-permeable) to 1.0 (fully permeable, no barrier effect) and b stands for the distance between the
obstacle and the initial capture point.

Unlike the Laplace function, the barrier Laplace function assumes individuals may turn back
when confronted with a barrier, or traverse it. The kernel identifies three scenarios for fish in a
fragmented river: a) fish may not encounter the barrier; b) fish may encounter the barrier, reverse
direction and continue with their normal displacement behaviour (‘reflection’ effect, see Figure 3.7); ¢)
fish may traverse the barrier and do not alter their displacement behaviour (Rodriguez, 2010).
Heterogeneous populations are accounted for in the Laplace mixture kernel (fg.m), which consists of
two density functions of the barrier Laplace kernel (fz.), one for sedentary individuals and one for
mobile fish:
farn (x, 5, 82 8 K) = 5 for (x, 82 1) + (1 -5) far (x, 8. &)
where s is the proportion of sedentary fish and &5 and 6y, are mean dispersal distances of sedentary and
mobile individuals (m), respectively. Numbers of tagged fish released initially per zone (capture) and
fish dispersal distances (recaptures) were entered into separate 2n x 2n count matrices for each site (S1-
S8), whereby recapture occasions (more than one per fish possible) during each recapture session in the
2013 and 2014 CMR campaigns were summed (Figure 3.8). Dispersal distances and dispersal directions
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by fish populations near engineered structures give valuable insight in dispersal behaviour, including
possible barrier traverses before and after connectivity restoration. The density function of the barrier
Laplace mixture kernel (fgm), accounting for population heterogeneity and including barrier effect, was
then used to estimate K, s, 8s and o, for each studied barrier and for fish communities near each barrier
on the Deerness. Laplace kernels are considered adequate fits for most salmonids due to a leptokurtic
distribution of dispersal distances (Coombs and Rodriguez, 2007), and are presented here for bullhead
as well. Packages HyperbolicDist, VGAM and bbmle were required to run the analyses in R version
3.2.3.
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Figure 3.7: Laplace dispersal kernels in a river stretch without barrier effect (a), and with a barrier present (b). Vertical

dashed lines represent a barrier, here simulated at a distance of 30 m from point of release of individual fish. Probability

density when barrier effect is absent (k = 1) is continuous, while under b) a portion of the fish that otherwise would have

swim past, is ‘reflected’ by the barrier (left: k = 0.4; right: k = 0.2) in the direction where they originated from.

163



No. of individuals tagged per zone

upstream
240 m

downstream
240 m

2514142331913 928330 0

0 01419 9 2510 & 14 282625

2n

WO o OoOOoOOoOOoOoOOoOoOoO oo oOoOoOoD oo oo o oo

COoO0OoOOoODoDOOOoDOODDoO0 00000
09 0 07 0709 09 07 0307 09 09 0707 09 09 0007 00 00 0907 09 09 0%
O3 073 07 071073 073 03 03073 0° 073 03 07 073 04 071 073 07 073 073071 £ 073 )
R S R S R S RS IS S IS PSS P
erferler=rl=pRerl-ri=ry=rh=pleplerteth-ph=rh ===t -t =ri=rR=rh-ri=r}

[ R N N W W Mo T Nor W W o W ar Mar R W W War T Ry Nar N o]

T T T T T T T T T T T T T T T T T T T T T T T

SH@OHDHHDHDHDDO D DDHD DD DD DD ODHD DD

CICACICICI AT IO CT O OICT O T IOT O OO 0 0
I e T o o R o E e T o s e L s o s T s N |
e s e A e M e, . e e e .

T T T T T T T T T T T T T T T T T T T

e e e e e e e e e e e e

T T T T T T T T T T T T T T T T T T

GERERRREREERERRERRRERRE

=+
=
=+
=
&

6 25 25
6 25 25
6 25 25

AaaRAAAAAASAR AR Y
HEEEAANNERNRNLEENENERAE
S e b R e e Ee
g g b b b g g e

00 00 00 00 00 00 00 6060 00 00 6060 60 00 00 60 00 00 000 6 o0 00
COoO0OO0DOoD0DOoDOoOoDOO0D0DoDO0 00000

—T T T T T T T T T T T T T T T T T T T T T T T
LU UL L L U W U W U U U U U W T W Wt U
O 00 0 B 0 O E 0 0 0 £ 0 0 0 0 0] 0 68 080 08 £ 0

dmdmdmdmdmddodmddddddddddhdhdddd
MMM Odmhddddddd O dhdddd

T T T T T T T T T T T T T T T T T T T T T T T

e e e e e e e e s e e e s i e e e e e M M .

T T A T T T T T T T T T T T T T T T T T T T T

oOoooooooooooOoooooDooooo oo

oOoooooooooooOoooooDooooo oo

£
-

=
o

MNo. of individuals recaptured per zone

upsiream
240m

downstream
240m

J

zone of release

barrier

Junnnnunnnnuuunnnnunnnnﬁ

CoOoooDoOoOoDooOCooooDo DD 00
¢¢Dﬂﬂﬂ¢ﬂﬂﬂﬂﬂ¢¢ﬂﬂﬂﬂﬁﬂixﬂ
ﬂﬁﬂﬂﬂﬂﬁﬂﬂﬂﬂﬂ@ﬂﬂﬂﬂﬂﬂJ“ﬂﬂ
E-R-N-N-R-E-N-N-N-R-E-N - - - - L‘ﬂﬂﬂ

Gnuuuu&&&uﬂu.uuﬂﬂ\haiﬂu

DO oOoOO0OO0OCOoOOoOoOoOOgoD oo O
(= i m m w Jm m m  m m  m Bm m m m m OO =000
unnnuuuun_ﬁ.uu-lu&uunﬁ_nuu
oo ooooooooICSNOCoCoooO D
20000000 {\T

ﬁﬁﬂﬂﬂﬂ@ﬁﬂﬂlrwkﬂﬂﬂﬂﬁﬁﬂﬂﬂﬂ
ﬂﬂﬂﬂﬂﬂﬂoﬂili.nﬂﬂﬂﬂgﬂﬂﬂﬂﬂ
ﬂﬂﬂﬂﬂﬂﬁ&ﬂitﬂﬂuﬂﬂﬂﬂaﬂﬂﬂﬂﬂ
unnnuunn\uunnnuunnﬂ_nuu

L = R m mm  m  m m  m m  m )

ooooao

Ladi =R === === =]

coooocooooooD
[=JL= =N =T == === = <]
L=l =R = == === = =]

[ == = = = R e e )
OooyooooOOoOOoOOoOOoOOoOOQoOOoOOoODoOOoOOoOoOOOoOOoOO O

ﬁ..l.U.U.Uﬂ_ﬁ—.ﬂ_.u.ﬂ_uuun.u.ﬂ-u.unnﬁ_.uuu

aundeasl JO BUOZ

Figure 3.8: Example of a 2n x 2n count matrix of tagged individuals released per zone (top), and a 2n x 2n count matrix of

recapture occasions (not limited to one per individual fish - a total of three recapture surveys per CMR campaign were

undertaken in the present study) for each zone (bottom). For clarification, an example of a recapture downstream of zone of

release is shown by a red arrow, an upstream relocation by a blue arrow while a green arrow represents a barrier traverse in

downstream direction.
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Connectivity restoration may increase fitness of individual fish by reducing the number of
attempts needed to overcome the structure, time taken to successfully pass, and energy spent during
barrier traverse. As a result, fish are likely to reach grounds for spawning, feeding or shelter against
predators or drought with a higher fitness relative to pre-restoration conditions (e.g. Keeley et al., 1996;
Diefenderfer et al., 2011). Variance in survival and recapture probability (which is predicted to correlate
positively with survival) of brown trout and bullhead individuals, released during CMR campaigns in
summer 2013 and summer 2014 on the Deerness, were evaluated using a live encounters modelling
approach (Cormack-Jolly-Seber model) in program MARK version 8.1 (White and Burnham, 1999).
Model selection was based on Akaike’s Information Criterion adjusted for a small sample, parameter
rich data set (AIC,; Akaike, 1973; Sugiura, 1978) rather than Bayes Information Criterion (BIC;
Schwarz, 1978), as the current model dataset is multi-factorial, relatively complex, areas where AIC,
outperforms BIC (Burnham and Anderson, 2004). AIC. provides a balance between model precision
(fewest parameters) and model fit, and the model with lowest AIC. is most parsimonious given the data.
Goodness of fit testing of the general, starting model (which quantifies the amount of overdispersion, ¢)
was executed in program Unified Capture-Recapture (U-CARE; Choquet et al., 2009). Survival and
recapture probability of brown trout and bullhead was modelled for the 2013 CMR campaign and the
2014 CMR campaign separately, with four encounter occasions per individual (the initial tagging
campaign followed by three recapture sessions). No multi-year model was created since very few
individuals were recaptured the following year. Survival and recapture probability of brown trout and
bullhead was modelled with inclusion of up to seven covariates. These consisted of two individual
covariates (length (mm) and mass (g) at initial release), two group covariates (size of PIT tag used, see
Section 3.2.4; initial release site (S1-S8), downstream or upstream) and three environmental covariates
(a: mean river discharge at time of first release (m* s™); b: mean water temperature at time of first
release (°C); c: photoperiodism - daylight hours on day of first release, using civil twilight. The
covariates of individual fish, group covariates and environmental covariates were reused multiple times

in a jackknifing approach, so that model fit was tested for inclusion of all covariates and then by leaving
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a covariate out in a stepwise approach. In this way, covariates contributing more to model fit can be
identified (those resulting in a lower AIC.; compared to when leaving other single covariates out of
model fit tests). Since VIE tagging of fish in large quantities does not allow for individual recognition,
only data of PIT tagged fish were used as input for modelling. Goodness of fit tests measured a
marginal lack of fit of the data sets on the 2013 and the 2014 general model (estimated ¢ = 1.268 and ¢
= 1.289, respectively), reflecting marginal overdispersion in the data (Lebreton et al., 1992). A quasi-

likelihood approach (QAIC.) was used to compensate for this lack of fit.

3.3 Results

3.3.1 Habitat characteristics

Although several structures caused local water impoundment immediately upstream (e.g. S1, S2), the
effect over 80 m survey distances was to create deeper slower glides for a portion of that distance,
comparable to natural glide and pool habitat. Habitat up to 80 m downstream and up to 80 m upstream
of each Deerness structure (n = 8) consisted mainly of agricultural land mixed with broadleaf woodland,
with canopy cover of at least 30% at all structures. River bed was mostly formed by pebble and cobble,
finer substrates in margins and sheltered areas and larger boulders were present at all sites. Under low
flow conditions, water depths of up to 80 cm and above were located at all sites except for S5 upstream
and S6 upstream. The deepest, largest pool in the study reach was found at S1 upstream. A variety of
flow types were located adjacent to each structure; run and riffle habitat comprised 20% or more of all
habitat at all structures except S1 upstream and S2 upstream, and the proportion of pool habitat was at
least 20% for the majority of sites. Mean stream bank width at all sites was between 2.6 and 5.4 m and
decreased the further away from the Deerness-Browney confluence. Fish refuge near banks was
predominantly accounted for by undercut banks, draping vegetation and exposed roots at all sites (but
see Table 3.4 and Table 3.5 for an detailed information on habitat characteristics for each site, prior to
and after restoration). Furthermore, flow velocity and depth profiles under summer baseflow in the
vicinity of each of the Deerness structures studied, before and, where relevant, after modification to
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facilitate fish passage are presented in Appendix Il. In general, in association with the provision of water
movement routes with reduction of abrupt vertical transitions in water level, few marked changes in
velocity and depth occurred, other than at S2 and S8. Pool habitat was more abundant upstream of each
structure compared to downstream of the same structure, pre-restoration. This effect was less apparent
following connectivity restoration. Mean flow velocity over the weir structures (S1, S2) increased post-
compared to pre-restoration, while restoration of the multi-pipe-bridge crossings (S4, S5, S6) and the
pipe culvert at S8 resulted in lower mean flow velocities throughout each structure (Table 3.2).
Substrate consisted of, in general, more sand/silt above structures compared to below structures before
restoration, indicating an impoundment effect with lower flow velocity directly above the structure
leading to increased sand deposition. Pebble and cobble substrate was more abundant downstream of
structures prior to restoration, while after restoration substrate was more homogenous above and below
structures (Table 3.4, Table 3.5). At base discharge all flow at S2 passed through the bypass, rather than
over the weir, creating a still water area immediately below the weir, and at S8 the nature-like pool and
weir pass raised the tailwater of the culvert, increasing depth and lowering velocities in the lower half of

the culvert.
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3.3.2 Fish assemblages, densities and recolonization

Fish communities at most surveyed structures (with the notable exception of upstream of S7 in all years
and S8 in 2012) comprised mostly brown trout and, in lower densities, bullhead, stone loach and
minnow (Table 3.6). Eel and grayling were present in very low quantities (< 0.1% of fish caught) in all
years. Benthic macro-invertebrate analyses showed moderate, good or high ecological quality status per
site (Table 3.6), indicating that environmental conditions (particularly water quality) and invertebrate
food availability for fishes were likely not a limiting factor in the distribution and abundance of fishes
during the study period. Trout only were recorded upstream of S8 before its modification (finished in
October 2012), while immediately downstream trout, bullhead and minnow were present. Following
installation of the nature-like pool-weir pass, bullhead, minnow and loach were recorded upstream and
downstream of the structure, the latter at low densities only and not recorded upstream in 2015.
Bullhead and minnow were recorded at increasing distances upstream, in summer 2013 (up to 120 m
and 140 m above the structure for bullhead and minnow, respectively) and in summer 2014 (up to 300
m and 280 m above the structure for bullhead and minnow, respectively). Surveys in non-contiguous
sections for another 400 m upstream (total distance upstream of S8, ca.700 m), revealed no further
evidence of either bullhead or minnow presence beyond the limits mentioned earlier. Additional support
for the ascent of the pool-weir fishway and inferred recolonization by bullhead at S8 is evident from
PIT and VIE tagging (see below). By contrast, no upstream passage of bullhead was recorded at S7, a
control site of similar stream width and form where no mitigation measures were adopted. Although
trout, bullhead, minnow and stone loach were found downstream of S7 over the period 2012-2015, only
trout were recorded above the structure over the same period (Table 3.6; surveyed discontinuously in

suitable habitats up to ca. 700 m upstream in 2013 and 2014).
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No significant differences were found in the densities of brown trout, bullhead, minnow and
stone loach when comparing paired survey reaches (downstream with downstream, upstream with
upstream) for restored sites only between 2013 and 2014 (n = 6 structures, Wilcoxon signed rank test
corrected for false discovery rate (Benjamini and Hochberg, 1995), p > 0.05 in all cases) except for
bullhead density upstream of the structures, which was higher in 2014 than in 2013 (Wilcoxon signed
rank test: Z = -2.201, p = 0.028) and for stone loach density upstream of obstacles, which was
marginally higher in 2013 than the year after (Z = -1.992, p = 0.046). Performing identical analyses, no
significant differences were found at restored structures in densities between 2014 and 2015 and
between 2013 and 2015 for any species (n = 6 structures, Wilcoxon signed rank test corrected for false
discovery rate (Benjamini and Hochberg, 1995), p > 0.05 in all cases). For control sites (n = 2), no
significant differences were found in densities between 2013-2014 and 2014-2015, nor between 2013-
2015.

Densities of 0+ trout (length <90 mm) upstream of restored structures in the same year (n = 5,
excluding those structures where no pre/post restoration conditions were applicable (S3, S7, S8))
increased following restoration at four structures (mean + SD increase in 2015 relative to pre-restoration
conditions in 2013: 15.5 + 16.4%). A decrease of 8.7% was found upstream of the remaining structure
(S5). Densities of age 0+ trout were higher downstream of two out of five structures (S5, S6) in 2015
compared to 2013 (mean + SD: 26.5 + 17.9%), and lower for the remaining three structures (27.7 +
14.1%). The two control sites showed a uniform increase in downstream densities (7.7 + 3.8%) between

the same years, while values were lower upstream of the structures by 8.9 + 6.2%.

3.3.3 Capture-mark-recapture surveys of dispersal and passage

During the 2013 CMR campaign S1, S2 and S4-S6 were unrestored, but by spring 2014 all were, except
S6 which was completed 10 days before the final recapture session in September 2014 (Table 3.2). The
2014 CMR campaign represents post-modification conditions for those sites except S6. Restoration at
S8 was completed in autumn 2012; thus 2013 and 2014 CMR campaigns there reflect post-modification
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conditions, while at S3 and S7 they represent control pre-restoration conditions (Table 3.2). Totals of n
= 864 brown trout and n = 153 bullhead were recaptured in 2013, and n = 394 trout and n = 77 bullhead
in 2014. Numbers of brown trout and bullhead tagged and recaptured (recapture efficiency) per tagging
survey are listed in Table 3.7 for PIT tagged individuals, and in Table 3.8 for fish tagged with VIE.
Single-pass catch efficiencies, calculated from depletion surveys at the sites, were 70.0% for trout and

69.0% for bullhead in 2013 and 67.8% and 65.7% respectively in 2014,
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Based on 20 m zonal CMR surveys, distance dispersed by trout and bullhead from the zone of
capture met a leptokurtic distribution (Figure 3.9). Combining PIT tagged fish released in initial
surveys at each structure in 2013 (trout: n = 879; bullhead: n = 300) and accounting for each individual
recapture session, 53.5% of PIT tagged trout recaptures (204/382, mean length 116.4 mm) and 60.2% of
PIT tagged bullhead recaptures (56/93, mean length 82.5 mm) stayed in the same 20 m stream section
relative to their last known location. In 2014, 54.1% (226/418 recaptures, mean length 122.8 mm) and
63.4% (26/41 recaptures, mean length 82.9 mm) of all released PIT tagged trout (n = 815) and bullhead
(n = 116) respectively did not move between stream sections. For VIE tagged individuals (total for 2013
and 2014: n = 2124 and n = 452 trout; n = 397 and n = 220 bullhead), a greater proportion of bullhead
(78/127 (61.4%) and 41/63 (65.1%)) than age O+ trout (422/734 (57.5%) and 98/159 (61.7%)) were
recaptured in the same zone as previously for 2013 and 2014 respectively. Mean dispersal distances of
trout (age 0+ and 1+), 1+ and older bullhead and recapture proportions of dispersal-active (downstream
and upstream) and sedentary fish are shown in Table 3.9. Since structures may restrict free movement,
excluding the two zones downstream and upstream of each structure (i.e. close to the structure) indeed
resulted in a lower probability of recaptured trout and bullhead to stay within the last recorded 20 m
zone for all six treatment and two control sites. For control sites, a larger decrease was found for trout,
and to a lesser degree bullhead, in probabilities to remain in the same zone when excluding the four
zones (two downstream and two upstream) nearest the structure (Table 3.10). This may indicate a more
profound fragmentation effect of these unrestored structures relative to restored ones. Clearly, bullhead
or juvenile trout dispersers, likely to move past upstream past a restored structure, are relatively rare

within the population, and to detect even a few such natural incidences large numbers must be surveyed.
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Figure 3.9: Distances dispersed from last known release location by recaptured trout (bt; left) and bullhead (bh; right) for

PIT and VIE tagged individuals, in 2013 and 2014 respectively, combined for all surveyed Deerness structures (n = 8).
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Expected passage numbers, assuming a 100% permeable structure, are presented by species and
tagging method (VIE representing fish <80 mm) in Figure 3.10. Increased total upstream passage
frequency (PIT and VIE combined) of trout past structures occurred at S1-S6 and S8 in the 2014 CMR
campaign compared to 2013, and for bullhead at S1, S2, S4, S5 and S8 between the same years (Figure
3.10). Bullhead passage at S8 in 2012 may be regarded as zero, since no bullhead were recorded
upstream in any CMR surveys or density surveys (see below). For those structures where CMR
campaigns were done before and after restoration (n = 4), upstream passage of trout and bullhead of at
least 50 mm length was greater subsequent to restoration at all structures, and upstream passage was
evident even for bullhead at S1 and S2, the two modified structures with greatest upstream-downstream
water level difference. Significant increase in upstream passage (and hence dispersal) of trout following
restoration occurred at each of the modified structures (n = 4, Table 3.11). For bullhead this was the
case at S4 and S5 only, with S2 passage frequency marginally insignificant (x*(1) = 3.636, p = 0.057;
Table 3.11). Downstream passage over restored structures was not correlated with passage restoration,
for either species. At control sites (S3, S7), no statistically significant barrier effect on passage
frequency was found for brown trout (except for S3, where observed downstream passage was greater
than expected, y*(1) = 6.024, p = 0.014) or bullhead, although this analysis could only be done for

downstream passage at S3, as no passage occurred under the other conditions (Table 3.11).
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Figure 3.10: Expected (E) and observed (O) numbers of tagged (black: PIT, grey: VIE) brown trout (a) and bullhead (b)
successfully ascending (passage in upstream (us) direction, black and dotted black bars) and descending (passage in
downstream (ds) direction, grey and striped grey bars) unrestored and restored (*) Deerness structures in 2013 and 2014,

respectively.
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Table 3.11: Chi square values (corrected for false discovery rate with post-hoc Benjamini-Hochberg procedure) of expected

vs observed frequencies of comparing passage pre- and post-connectivity restoration of brown trout (bt) and bullhead (bh) at

treatment sites (S1, S2, S4, S5 - excluding those where no before / after impact was applicable during the CMR campaigns)

and control sites (S3, S7). Shaded cells represent a significant association, where in all cases fish ascended or descended

more often in post-restoration conditions than before mitigation. Observed number of traverses was lower than expected

before restoration for all underlined cells (not all significant).

Treatment sites

Control sites

S1 S2 S4 S5 S3 S7
bt us passage 5.506, p=0.026  19.283, p<0.001  6.522, p=0.017  4.408, p=0.037 1.422, p=0.281 0.029, p=0.981
bt ds passage 2423, p=0.145 1.521, p=0.251 0.146, p=0.797  0.098, p=0.948 6.213, p=0.013 0.627, p=0.472
bh us passage 2.324,p=0.138  3.776,p=0.064 | 5.011,p=0.029 4.344,p=0.031 No observed passage No observed passage
bh ds passage 0.394,p=0.563  1.486,p=0.273 1.304,p=0.282 0.234, p=0.662 0.317, p=0.595 No observed passage

Using a barrier Laplace mixture model, where no discrimination was made between obstacle
traverses in up- or downstream direction, parameters among which barrier permeability were estimated
based on observed dispersal distances as a function of release location. Barrier permeability (k) was
greater following connectivity restoration at all structures where in 2013 no modification was done, but
where in 2014 the barrier was removed/mitigated (S1, S2, S4, S5, Table 3.12). This was true for brown
trout tagged with PIT (1+ age group, > 80 mm in length - mean factor of increase 2.36) and for those
trout individuals VIE tagged (0+ age group, 50 - 79 mm in length - mean factor of increase 9.23).
Structures where pre-/post-restoration was applicable during the study, were more permeable for
bullhead in 3 out of 4 cases following restoration than before (S2, S4, S5 - mean factor of increase 3.21;
Table 3.12). At control site S3, barrier permeability was estimated to be higher in 2014 than in 2013
while the opposite was found at control site S7, for brown trout PIT tagged and VIE tagged. Frequency
of downstream traverses was greater in 2014 relative to 2013 for these sites and groups (Figure 3.10).
At structures S6 and S8, which were modified just before the final recapture session or in 2012,
respectively, increases in permeability were found following restoration for both structures for all three
groups, except for PIT-tagged trout at S6 (Table 3.12). The mean proportion of sedentary individuals
within the community was estimated at s = 0.59 for PIT tagged trout, s = 0.62 for VIE tagged trout and s
=0.69 for PIT and VIE tagged bullhead. No trend in variance of s was apparent for control sites vs.
treatment sites, nor between years (Table 3.12). Habitat conditions over the river reaches surveyed

across S1-S8 were similar (Table 3.4, Table 3.5). Distance dispersed by the sedentary component (3s) of
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the communities was (mean £ SD) 13.13 £ 2.75 m, 11.75 £ 2.57 m and 8.31 = 2.41 m for trout PIT
tagged, trout VIE tagged and bullhead PIT and VIE tagged combined, respectively, for both years and
all sites combined. Similarly, for the mobile component (5,,), these estimates were 54.38 £ 13.29 m,
46.56 + 8.09 m and 30.44 + 5.89 m for the same groups. Examples of barrier permeability values before
and after connectivity restoration are presented graphically for treatment sites S2 and S5, and for control

site S7 in Figure 3.11.
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Table 3.12: Modelled parameters per structure, per species (bt: brown trout, bh: bullhead) and per tagging method (PIT, VIE)
for the 2013 and 2014 CMR campaign, as estimated by the barrier Laplace mixture models approach (fg;v). Bullhead PIT
tagged and VIE tagged were combined to increase sample size. k: barrier permeability (scale from 0 - 1); s: proportion of
sedentary individuals (scale from 0 - 1); & and 6,,: mean dispersal distances of sedentary and mobile individuals (m),

respectively. 95% confidence intervals are shown in parentheses.

Species,

body length Site  Year k S

g1 2013 0.15 (0.11-0.18) 0.62 14 52
2014 0.41(0.27-0.48) 0.66 16 46
2013 0.23(0.18-0.33) 0.58 13 36
2014 0.46(0.27-0.53) 0.69 15 68
2013 0.00 (0) 047 11 62
2014 0.13(0.08-0.16) 0.59 17 56
2013 0.27(0.21-0.38) 0.63 14 58
2014 0.34(0.31-0.36) 0.71 7 66
2013 0.18(0.16-0.20) 0.56 12 74

S2
S3

S4
Trout > 80 mm

S5 2014 0.62(0.48-0.69) 0.48 14 48
S6 2013 0.22(0.18-0.24) 052 17 28
2014 0.20(0.18-0.23) 0.56 9 34
57 2013 0.08(0.05-0.10) 0.62 11 56
2014 0.06 (0.03-0.12) 0.57 13 62
S8 2013 0.46 (0.42-0.51) 0.64 15 70

2014 0.51(0.46-0.53) 059 12 54
g1 2013 0.06 (0.03-0.08) 0.70 14 55
2014 0.46(0.41-049) 051 11 45
2013 0.04(0.03-0.05) 0.62 13 43

52 2014 0.70(0.58-0.78) 066 16 37
3 2013 008(0.07-009) 067 16 45
2014 035(032-037) 056 11 39

- Bi iBgein B & 8
Trouts0-79mm - 2013 017(0.15-019) 062 9 41
2014 083(071-089) 067 11 33

g 2013 012(0.07-014) 055 14 48
2014 054(049-061) 061 9 52

; 2013 017(0.08-019) 051 11 49
2014 014(010-0.16) 057 14 62

g 2013 029(027-030) 064 12 58

2014 0.57(0.50-0.68) 0.71 10 50
g1 2013 0.15 (0.10-0.21) 0.81 9 28
2014 0.14(0.13-0.16) 0.72 13 34
gp 2013 0.00 (0) 068 10 21
2014 0.32(0.30-0.38) 0.74 11 35
S3 2013 0.06 (0.05-0.08) 0.71 7 26

2014 0.00 (0) 0.58 9 29
g4 2013 0.8 (0.15-0.23) 0.66 5 35
Bullhead 2014 0.39(0.34-0.46) 0.72 8 45

g5 2013 0.07 (0.05-0.10) 0.78 10 24
2014 0.30(0.29-0.32) 0.67
g 2013 021 (0.18-0.24) 0.62
2014 0.23(0.21-0.25) 0.69
g7 2013 0.00 (0) 0.72
2014 0.00 (0) 0.71
S8 2013 0.18(0.16-0.19) 0.61
2014 0.25(0.24-0.29) 0.64
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Figure 3.11: Examples of connectivity restoration effects on barrier permeability k (£ 95% CI) for brown trout PIT tagged
(trout > 80 mm, blue), brown trout VIE tagged (trout 50 - 79 mm, red) and combined PIT and VIE bullhead (orange), based
on a Laplace kernel modelling approach of observed dispersal distance and barrier traverses. For illustration, structures at

sites S2, S5 (both restored), and S7 (no restoration, control) are shown.

PIT tagged trout that passed upstream over structures before restoration, were significantly
larger relative to all tagged trout, combined for all sites, released in the 2013 CMR campaign (length
[mean + SD]: 178.6 £ 17.6 mm vs 153.9 + 38.2 mm; Wilcoxon signed rank test: Z =-2.629, p = 0.009).
PIT tagged trout passing sites post-restoration were not significantly different in length than all tagged
trout at liberty in the 2014 CMR campaign (length [mean + SD]: 135.4 + 20.6 mm vs 148.3 £ 37.3 mm;
Wilcoxon signed rank test: Z =-1.742, p = 0.081). No size-effect was found for PIT tagged trout that
moved past an obstacle in a downstream direction pre-restoration compared to all tagged trout at liberty
in 2013 (129.6 = 15.5 mm vs 153.9 + 38.2 mm, Wilcoxon signed rank test: Z =-1.307, p = 0.191). This
was also true post-restoration (131.2 £ 16.3 mm vs 148.3 + 37.3 mm, Wilcoxon signed rank test: Z = -
0.422, p = 0.673). Sample sizes of PIT tagged bullhead dispersing past structures were too low for body
size effect analysis.

Modelling survival and recapture probability per species, the selected candidate model - with
lowest QAIC, - for both the 2013 and the 2014 CMR campaign was the fully time dependent model
{psps+} (Model 1 and model 6 in Table 3.13, where ¢ and p are the survival parameter and the

recapture probability parameter between separate encounter occasions, respectively, and subscript s
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indicates species - brown trout or bullhead, while subscript t represents time interval): both survival and
recapture probability varied over time and per species. Model likelihood in the 2013 season and 2014
season showed very strong and strong preference for the best fitting candidate model, respectively.
Survival in the 2014 CMR campaign, following connectivity restoration at most sites, was higher than
in the 2013 CMR campaign for brown trout and for bullhead. While in the 2014 CMR campaign, brown
trout was modelled to have higher survival than bullhead, no such outcome was found for the year
before. Recapture probability was higher in 2014 for trout - but not for bullhead - than the year before,
and was higher for brown trout compared to bullhead in both years. Models ranked by decreasing level
of fit (based on AQAICc values) compared to the best fitting candidate model are presented in Table
3.13. Although for the 2014 CMR campaign only those models were considered with a AQAICc value
of less than or equal to 6 (Richards, 2008), for the 2013 CMR campaign no other model met this
condition (Table 3.13). A total of five models were included for the 2013 CMR campaign, as a
relatively large increase in AQAICc value (52) was found for the next best model. For the 2014
campaign, there was moderate support for a time- and species-dependent survival, but constant
recapture probability per species (model 7, {ps«ps}; Table 3.13). Deviance from the top ranked
candidate model was found, in increasing order, when the covariates length, site, mass and tag size were
excluded from the 2013 model (Table 3.13). Excluding other covariates resulted in a far higher AQAICc

value. Similar results were found when excluding covariates site and length from the 2014 model.

Table 3.13: Comparison of models considered within the data set in the 2013 and 2014 CMR campaigns, based on QAICc
values and adjusted for lack of fit (¢ = 1.268 and 1.289, respectively). ¢: survival probability, p: recapture probability, g:

species (brown trout or bullhead), : time interval.

Model, 2013 CMR campaign QAICc AQAICc Model likelihood No. of parameters
1 @s*t Ps*t all covariates 1491.100 0.000 1.000 45
2 psxps+t all covariates excl. length ~ 1500.099  8.999 0.011 36
3 ps*t Ps*t all covariates excl. site 1509.593 18.493 0.001 40
4 ps+t Ps*t all covariates excl. mass 1511.087  19.987 0.001 35
5 pextps+t all covariates excl. tag size  1513.523  22.423 0.000 39

Model, 2014 CMR campaign
6 Ps*t pS*t all covariates 1250.478 0.000 1.000 44
7 Ps*t pS all covariates 1251.596 1.117 0.571 17
8 @s~t Ps*t all covariates excl. site 1252449 1971 0.373 41
9 e+ Pstall covariates excl. length ~ 1254.596  4.117 0.127 39
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3.3.4 Upstream passage efficiency of homing juvenile trout

Displacement CMR studies of trout in late summer 2012, demonstrated partial upstream permeability of
obstacles for displaced trout (12-25 cm) at S1 (17 out of 50 (34.0%) displaced trout recaptured above
the structure after ca. 3 weeks at liberty), S2 (3/28 or 10.7%), S3 (6/33 or 18.2%) and S8 (4/27 or
14.8%), before restoration was undertaken. High flow conditions (up to ca. Qs annual exceedance) that
occurred between displacement and recapture may have facilitated upstream passage. In August 2014,
after restoration, at very low flows (ca. Qgg) 57 out of 70 trout displaced downstream (81.4%) attempted
to ascend the bypass channel at S2, during which time the weir was impassable as all stream flow was
routed through the bypass (Table 3.14). Forty of 57 (70.1% passage efficiency) were successful. In
September 2014 at S8, trout were displaced downstream (n = 45) of the nature-like pool-weir and
culvert combination at very low flows (ca. Qgs), and attraction and passage efficiencies of 71.1% and
71.9% were recorded, while in November at slightly higher flow (ca. Qqo) these values were 76.3% and
93.1% (n = 38) (Table 3.14). Details of fish sizes, time taken for passage and numbers of attempts made
are given in Table 3.14. Time taken for trout to locate the fishway and duration of ascent were
significantly different among the three displacement studies (Kruskal-Wallis test, K = 11.299, df =2, p
=0.004 and K =19.507, df = 2, p < 0.001, respectively). Post hoc analysis showed that these two
parameters were only significantly different between the experiments S2-Aug and S8-Sep (Mann-
Whitney U test, corrected for false discovery rate (Benjamini and Hochberg, 1995), U =465.0,df =1, p
<0.001 and U = 136.5, df = 1, p < 0.001, respectively). Trout displaced at both S8-Sep and S8-Nov
were smaller than those at S2 (Mann-Whitney U test, corrected for false discovery rate (Benjamini and
Hochberg, 1995), U = 435.5, df =1, p <0.001 and U = 391.0, df = 1, p < 0.001, respectively, Table

3.14).
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Table 3.14: Details of displaced trout attempting and succeeding in passing S2 and S8 respectively, following connectivity
re-establishment works. If the interval time between successive detections at the fishway entrance was at least 30 s, it was

counted as a separate attempt.

S2 (Aug 2014) S8 (Sep 2014) S8 (Nov 2014)
Trout displaced 70 45 38
Mean length £+ SD (range) [cm] 17.5+2.4 (12.5-27.3) 14.5+2.2 (12.0-21.9) 14.4+1.9 (12.5-20.8)
Mean mass + SD (range) [g] 64.5+29.9 (18-200) 39.6+23.5 (19-130) 34.3+17.5 (21-104)
Proportion attempting passage 57170 (81.4%) 32/45 (71.1%) 29/38 (76.3%)
Passage efficiency 40/57 (70.1%) 23/32 (71.9%) 27/29 (93.1%)
. . N
x::;e;l?rs]to locate fish pass +SD 15/ 111914 (14-6286)  606.9+1115.3 (44.4-6178.2) 374.8+446.1 (4.7-1659.8)
jon +
'[\:'T%a” ascent duration £ SD (range) - 4 . ¢a & (5 7.260.3) 1668.7+2684.7 (24.8-7648.6) 206.2+292.0 (0.8-1048.2)
Mean no. attempts for successful
trout (range) 1.5(1-6) 5.8 (1-56) 6.3 (1-27)
Mean no. attempts for unsuccessful 32 (1-11) 3.9 (1-7) 24.5 (7-42)

trout (range)

3.3.5 Radio telemetry of trout during the spawning migration

Twenty six sea trout and river-resident brown released and radio-tracked on the lower Browney (Table
3.3) initially remained below the gauging station (GS) during an extended period of dry weather, despite
multiple visits to the proximity of the weir, and most eventually dropped downstream, including out of
the tributary back into the main river (Figure 3.12). One of these was caught and killed by an angler.
Following a high rainfall event, the majority of these trout were tracked upstream of GS (Figure 3.12).
Most radio-tagged trout (22/25, 88%) released on the lower Browney moved up to DBC within 18 h of
this spate. Of the trout released on the lower Deerness (n = 13), 10 (77%) were located near to S1 within
24 h of release, showing motivation to migrate upstream. In total, 30 radio-tagged trout were radio-
tracked in the Deerness over the study period. Two trout remained below GS for the entire study and
five individuals moved up the Browney past DBC. Two individuals moved up to 9.43 rkm upstream of
DBC, in the Browney. When ordered from the lower Deerness (S1) to the highest site on the Deerness
where radio-tagged trout were still tracked (S6), whereby a fish less than 100 m below a structure was
counted as a passage attempt, the multi-pipe-bridge crossing at S3 proved to be impassable for the
tracked trout. Passage percentages were high for structures on the lower Deerness, and for the three
removed obstacles (S4-S6; Figure 3.13). Few trout ascended S3 (25.0%) over a variety of flow

conditions (Figure 3.12) and even though spawning habitat is abundant upstream. Individuals that
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passed S3 continued their migration and were found up to 1.09 rkm upstream of S6. The cumulative
passability, calculated as the product of individual passability values (Kemp and O’Hanley, 2010), for
the respective Deerness structures where attempts of passage were recorded (n = 6), was thus 0.177

(0.869 - 0.813 - 0.250 - 1.000 - 1.000 - 1.000).
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Figure 3.12: a) Mean daily discharge (m®s™, continuous line) at gauging station (GS) on the lower Browney and water
temperature (°C, 15 min interval, dotted line) at S2 on the middle Deerness for the study period; b) distribution of radio-
tagged adult sea trout / brown trout locations (median, 25% and 75% quartiles, circles and stars are outliers and extreme

outliers, respectively) relative to bridge apron (BA), released over five sessions. Points of release (a: temporal; b:

Date in 2014 - 2015

spatiotemporal) are indicated by bold arrow. Negative values indicate a downstream position relative to BA. Horizontal lines

in b) indicate locations of in-stream structures (labelled adjacent to the y-axis, whereby restored structures during the

tracking period are marked with a +); in order from the downstream-most structure on the lower Browney (GS) to the

upstream-most location on the upper Deerness where radio-tagged trout were logged (S6). Only trout movement in the lower

Browney (downstream of DBC) and in the Deerness is shown.
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axis.

3.4 Discussion

This study demonstrates how multiple methods can be used in situ to quantify different aspects of the
effectiveness of connectivity restoration in streams, for a range of species and life stages varying in size,
dispersal tendency and swimming performance. Relatively little is known about local dispersal
behaviour of fishes, especially of non-salmonids, despite its crucial importance for species distribution,
species turnover and recolonization of newly available habitats (Detenbeck et al., 1992; Albanese et al.,
2009) and for gene flow (Wright, 1978; Hanski, 1998; Heggenes et al., 2006). Restoration of diverse
communities in modified streams and rivers relies on achieving effectivity connectivity for the wide
range of species rather than just a few select species (Lucas and Baras, 2001; Gough et al., 2012) and
hydromorphological impacts are among the greatest problems in achieving good ecological
functionality of streams and rivers, for example as expressed in the European Water Framework
Directive (Kemp and O’Hanley, 2010). In this medium-term study the effectiveness of fish passage
improvements for dispersal of sedentary fish species and juvenile as well as adult life stages was
quantified. Structures that were restored during the study showed increased permeability compared to
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before connectivity restoration, for brown trout (a strong swimmer with jumping capacity), and for
bullhead (a weak swimmer without the ability to jump). Telemetry methods were highly effective in
demonstrating rates of approach and passage, and identifying migration bottlenecks - of importance for
adaptive approaches in connectivity-restoration planning and implementation. However, deployment of
fixed monitoring stations on rivers can be expensive, and is easily damaged during high flows, livestock
or as was found to be a major risk factor in this study, due to high vandalism risk at publically
accessible sites. A well-ordered experimental CMR design (within the constraints of the timing of site
restoration, outwith experimental control) enabled dispersal and passage of small non-salmonids and
juvenile salmonids to be quantified cost-effectively. Although fish assemblage surveys were less
effective in unambiguously identifying changes in fish populations due to connectivity restoration, they
charted the rapid colonisation of a re-connected headwater, by comparison to a similar control site. The
fish assemblage data provided valuable context to the mechanistic information on dispersal potential
and migration available from CMR and telemetry, and invertebrate data provided evidence of persisting

good water quality and trophic diversity throughout the restoration period.

3.4.1 Habitat fragmentation effects on fish communities and density

When considering river reconnection schemes, it is crucial that whole fish community connectivity
needs to be improved (Gough et al., 2012; Cooke and Hinch, 2013). Ultimately one of the objectives of
ecological engineering restoration in streams is to achieve more natural species assemblages at densities
closer to carrying capacity than in degraded conditions. Hence many evaluation studies measure
assemblage structure in terms of species composition and density, comparison to reference conditions,
and change over time in response to intervention (e.g. Angermeier and Winston, 1999; Gillette et al.,
2005; Alexandre and Almeida, 2010). However, changes in densities may not be a proper indicator of
restorative effects of alleviating fragmentation, as the area where fish originated from is often not clear
or densities may be influenced by fluctuating environmental variables leading to varying recruitment

success. Results from the present study show a general, marginal increase in 0+ trout densities upstream
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of restored structures compared to before intervention. For age 1+ trout, stone loach and minnow no
consistent population effect as a result of restoration was found. Bullhead densities upstream of
structures increased following restoration, although sample sizes were small. Fish dispersal is likely a
result of the link between fitness and stream patch-specific characteristics; if fitness-decreasing
variables are present in the area, emigration to other stream reaches is promoted (Gowan and Fausch,
2002; Croft et al., 2003). Factors which stimulate emigration rate are, for example, abundance of
predators and amount of fish cover (Gilliam and Fraser, 2001), though emigration may decrease due to
fish cover as well (Harvey et al., 1999). Length of riffle habitat next to the reach, increased current
velocity (Schaefer, 2001) and water column depth (Aparicio and Sostoa, 1999) may decrease
emigration. Other factors influencing rate of dispersal within reaches include habitat complexity,
drought, reach intermittency and fish length (Albanese et al., 2004).

Based on environmental variables, the EA fish distribution prediction scheme NFCS2 (see
Section 1.4.2) models calculated Atlantic salmon to be present in the Deerness. The species was not
sampled, not in adult stage or juvenile parr/fry stage, during any electric fishing sessions undertaken for
this study. The long-term absence of this species in the Deerness explains failure of the subcatchment
for fish in the context of the WFD. Atlantic salmon is considered to have low tolerance to reduced
habitat quality (e.g. Staurnes et al., 1995; Malcolm et al., 2004; Kroglund et al., 2007) which may
explain absence of this species in degraded streams. However, a range of other species (including brown
trout and bullhead, which also have low tolerance to environmental disturbance (UKTAG, 2008c)) were
sampled in the Deerness. This implies good water quality for much of the Deerness, further indicated by
good biological water quality metrics from macroinvertebrate sampling. River habitat fragmentation is
therefore a much more likely explanation for the absence of (juvenile) salmon in the Deerness.
Following fish pass provisioning at GS and at BA, which resulted in obstacle-free reaches from the
Wear confluence to the middle Browney and to the middle Deerness, salmon were still absent. Salmon
may require longer time-periods to recolonize reaches formerly isolated (e.g. Perrier et al., 2009),

instead of the < 1 year period between connectivity restoration at BA and GS and the final survey
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sessions for the current study. While NFCS2 uses environmental and geographical variables to predict
occurrence of each of the 23 UK common fish species included in the scheme, fine-scale habitat
conditions (e.g. types of substrate, (variation in) types of flow) are not accounted for in detail (UKTAG,
2008c), while such variables may be of crucial importance for salmon distribution and survival.
Alleviating river habitat fragmentation is not important for adult life stages exclusively. Young-
of-the-year trout, competing for food and space, may disperse from areas of high fry density to lower
density areas, a process possibly alleviated by effective passage solutions, and so reduce density
dependent mortality. As individuals may have dispersed from areas upstream of a restored barrier, or
from areas in between different structures, or out of the surveyed area, surveys for fish densities do not
necessarily show an increase in fish density following connectivity restoration. For young, 0+ trout,
densities may increase following restoration on the long term. Based on fine-scale movement using 20
m zones, results obtained in this study indicate a positive effect of alleviating river fragmentation on the
distribution of two freshwater fish species. Branco et al. (2012) studied the impact of longitudinal
connectivity loss on the distribution of freshwater fishes in three Mediterranean river basins draining
into the Atlantic Ocean. Between 1996 and 2006, 196 sites were electric fished once for fish species
abundance. Results obtained excluded connectivity variables as the most important variables for
distribution of the two potamodromous species studied, unlike findings in Cote et al. (2009) and
Fullerton et al. (2010). The distribution of sedentary native species, with a limited home range, was
mainly explained by habitat variables and not by barrier variables (Branco et al., 2012). Lastly, the
effect of connectivity loss on the distribution of non-native species was expected to be beneficial, but
results indicated connectivity to be the least important factor explaining the distribution of exotic fish,
mainly due to tolerance and adaptability of the fishes involved. Distribution was examined along river
basins with greater distances between sampling points, unlike fine scale (20 m zones) distances used in
the present study. Furthermore, in-river structures were grouped together, which can bias outcomes of
analyses as high head obstructions will likely be completely insurmountable independent of water levels

whereas low-head structures may become submerged when water levels rise, resulting in a partly
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permeable structure (Ovidio and Phillipart, 2002). Aside from direct impacts on river fragmentation by
physical barriers, hydromorphology changes (Vowles and Kemp, 2012) (and consequently, possible
alterations in thermal conditions) may affect river connectivity as well (Fullerton et al., 2010).
Displacement of fish by anthropogenic activities may, although unlikely, contribute to biased results

when assessing a structure’s permeability (Maitland, 1987).

3.4.2 Fish dispersal behaviour, recolonization and survival

In an attempt to identify how engineered structures impact free movement of various fish species and
fish of varying age classes, spatial behaviour in areas adjacent to in-stream structures should be
evaluated for all occurring fish species. Although fish communities in the Deerness consisted of more
fish species, only brown trout (representing a salmonid swimming guild, comprising relatively strong
swimmers) and bullhead (part of a benthic swimming guild, with relatively poor swimming capability)
were included in CMR campaigns, as experience with other species showed high susceptibility to
electric fishing and tagging procedures (minnow), or insufficient numbers per fish species (stone loach,
eel, grayling). Mark-recapture sessions allowed for spatial and temporal analyses of trout and bullhead
movement behaviour between multiple 20 m zones. It was shown that at S8, where a 30 m long under-
road culvert is located, Eurasian minnow and European bullhead were found present upstream of the
structure following provision of a nature-like pool-weir, while being absent before. Recolonization by
minnow and bullhead of habitat upstream of the culvert, following a population decline and eventually
extinction by industrial, agricultural or domestic pollution incidents, is likely (Knaepkens et al., 2006).
At S7, an unrestored double-pipe crossing ford has been found to prevent upstream passage of bullhead,
while trout of multiple age classes (0+, 1+, 2+) were able to traverse it.

Studies have reported evidence of stream fish populations, among which members of the family
Cottidae, not only consisting of a relatively sedentary, static group (i.e. individuals that only disperse
within a relatively small area), but also consisting of mobile fish, which exhibit relatively frequent and

long-distance movement (Knaepkens et al., 2004; Schmetterling and Adams, 2004; Pander et al., 2013).
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This movement behaviour may be explained by the opportunity to (re)colonize certain areas, assess
different habitat and/or to maintain sufficient genetic interaction within a spatially distributed
population and between conspecific populations (Larson et al., 2002). Residing in habitat of high
quality allows individual fish to maximise their fitness, but as a standing stock approaches
environmental carrying capacity, population growth may be limited (Armstrong et al., 2003), and
individuals may be stimulated to explore wider areas for suitable habitat. In the current study,
heterogeneous movement (Rodriguez, 2002; Radinger and Wolter, 2014) was observed for age 0+, 1+
and older trout and bullhead, with a large stationary component of movement behaviour relative to a
mobile one.

Modelling showed recapture probability and probability of survival to vary over time and
between species (brown trout, bullhead), for the 2013 and 2014 CMR campaigns, respectively.
Overdispersion in the dataset existed (estimated ¢ = 1.268 and ¢ = 1.289 for the 2013 and 2014 CMR
campaign, respectively), which was adjusted for using a quasi-likelihood approach QAICc. While this
may indicate a marginal lack of fit, ¢ values are estimates and provided ¢ < 3, lack of fit can be
accommodated for relatively safely (Lebreton et al., 1992). A total of seven covariates were included in
the modelling approach (live recaptures, Cormack-Jolly-Seber model), and removal of each covariate
during separate simulations identified body length, release site, mass and PIT tag size (for 2013) and
release site and body length (for 2014) as the least important variables contributing to deviance from the
best fitting candidate model of all covariates tested. Survival and recapture probability of trout and
bullhead individuals are likely not affected by, or do not vary considerably as a result of differences in
body length, release site, mass and PIT tag size (2013) and release site and body length (2014) as much
as other covariates tested, which included environmental variables (mean river discharge and mean
water temperature at time of first release, and daylight hours on day of first release). Inter-specific
differences between trout and bullhead were found in recapture probability, with trout more likely to be
recaptured than bullhead for both 2013 and 2014, and for survival, with trout modelled to have higher

survival than bullhead in 2014, but not in 2013. However, as indicated above, within-species variance in
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recapture efficiency and survival probability of brown trout and bullhead individuals tagged with PIT
(at least 80 mm in length) was small (unlike studies where a size-specific selection on recapture
probability was found by using an electric fishing approach, e.g. Perrow et al., 1996) nor was there a
location-specific effect (either downstream vs. upstream, or between sites (S1-S8)) noticeable. This
result was expected, partly because of the similarity in habitat conditions between sections sampled
above and below each barrier on the Deerness and the similar range of fish lengths included for tagging
sessions at every site. Electric fishing sessions during the CMR campaigns followed a single pass
protocol rather than multiple pass depletion fishing. Reid et al. (2009) reported outcomes for catch
efficiencies and species diversity to be similar when both methods were compared, and variation in fish
community composition within and among-sites was not markedly different between the two
approaches.

During tagging sessions, very young and/or small fish (body length less than 50 mm) were
excluded from tagging because of potential impacts on fish health (increased difficulty of handling and
tagging, and potential for relatively greater handling effects). Fish of 50-79 mm were VIE tagged, while
those > 80 mm but < 90 mm were tagged in the body cavity with an 8 x 1.4 mm PIT tag (FDX-B,
weight 0.027 g in air) by using a needle injector. For individuals > 90 mm but < 120 mm, a 12 x 2.12
mm PIT tag (HDX, 134.2 kHz, 0.1 g in air) was used for tagging, while fish > 120 mm were tagged
with a 23 x 3.65 mm PIT tag (HDX, 134.2 kHz, 0.6 g in air). Using this combination of tagging
methods by body length, tag burden impact on naturalistic behaviour was kept to a minimum. As
attempts to ascend a fishway or to traverse an obstacle are energetically costly (Hinch and Bratty, 2000;
Cooke et al., 2004; Brown et al., 2006; Pon et al., 2009), tag burden effects on fish could bias results.
Studies have reported a tag burden impact, which alters swimming behaviour, if tags with too large
dimensions are used in or on experimental fish (Peake et al., 1997; Jepsen et al., 2002; Cooke et al.,
2011). As tag detection efficiency may vary between different sizes of tags, biased results may occur

from diminished efficiency of smaller tags (as reviewed in Burnett et al., 2013).
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VIE tagging could not be used for individual recognition (because a large sample size of tagged
fish was needed to obtain information on dispersal behaviour and on possible obstacle traverses), but
was site-, zone- and date-specific. Elastomer colour and fish body location for tagging were picked so
that the risk of a false interpretation of a tagged fish between zones, dates and sites was kept to a
minimum. A fluorescent UV light was used to inspect each fish which was of appropriate length to VIE
tag (and of marginally larger fish, which may have been tagged but grown since). While this approach
was judgement based, it was undertaken by the same researcher (J. Tummers) using a standardized
working method, thereby minimizing the risk of missing a sampled VIE tagged fish. Additionally, the
elastomer outline of the VIE tags may have become less apparent due to growth, further increasing the
risk of failure in detecting a VIE tagged fish. While recapture percentages of VIE tagged fish were as
expected (ca. 25%) for the duration of one summer CMR campaign (ca. 2 months for each site),
between CMR campaigns (summer 2013-2014 and summer 2014-2015) recaptures of VIE tagged fish
were nearly non-existent (< 0.5% of total VIE tagged fish released). For the purposes of evaluating
connectivity restoration, between-summer recaptures were not strictly necessary but would have
provided insight on tagging effects on survival and growth of individual fish. Possible reasons for this
low recapture frequency between summers, in addition to the risk of missing fish during handling as
described earlier, may include tagging effects in the short, medium and long term. Immediate effects of
VIE tagging in the caudal region on the physiological stress level have been demonstrated to be similar
to the effects when exposed to a simulated aerial predator for three-spined stickleback (Furtbauer et al.,
2015). Numbers of fish tagged (PIT, VIE) for the CMR campaigns, displacement studies and radio
tracking were not set a priori, but instead were based on catches during the individual sampling
sessions, whereby a large enough sample size for capture-recapture analyses and fish pass efficiency or
obstacle effect was aimed for as far as realistically possible. Since only a small proportion of brown
trout and especially bullhead released directly downstream of an obstacle are likely to traverse the
obstacle, an event which may be facilitated by provision of a fishway or removal of the obstacle, in

order to detect a large enough sample size of successful traverses higher numbers of mentioned species
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could have been tagged. A power analysis (Cohen, 1992) could have provided insight into the
probability of detecting fish traverses over an obstacle or through a fishway, with a given level of
confidence and restricted by sample size. However, numbers tagged in the current study were dependent
on fish density (per zone sampled) and were furthermore limited by numbers of fish that could be

tagged realistically per sampling session.

3.4.3 Barrier permeability and fishway efficiency

The interaction between life history, motivation to migrate and passage success plays a key role in
evaluating (restored) structures for passage. During the pre-spawning period, anadromous adult
salmonids are highly motivated to return to their natal grounds, but may still exhibit a strong homing
response at other times of year (Roscoe and Hinch, 2010; Keefer and Caudill, 2014; Huang and Lewis,
2015). Other taxa, with different life strategies (e.g. potamodromous fish, or more sedentary species
such as bullhead (Pavlov, 1989; Knaepkens et al., 2006)), may potentially be less motivated to ascend
an obstruction after having located the entrance, due to for example high energetic costs or if suitable
habitat is available on their current side from the structure (Baras et al., 1994; Calles and Greenberg,
2005, 2007). Furthermore, fish may be reluctant in ascending a fishway due to an unsuitable flow
leaving the fishway, fish experiencing problems with locating the entrance orifice (Clay, 1995) or the
fishway design failing in mimicking natural conditions (Calles and Greenberg, 2009). The experimental
setup during CMR campaigns in the present study did not allow for fine-scale quantification of the
number and rate of attempts at the downstream/upstream fish pass entrance, which may provide insight
into motivation of fish to pass upstream and downstream (Schmutz et al., 1998). Nevertheless, Laplace
kernel analysis showed structure permeability to be greater following structure modification/removal
relative to prior restoration, for brown trout (with good swimming and jumping capacity), and for
bullhead (with relatively poor swimming and jumping capacity). This was the case for the majority of
Deerness structures where connectivity restoration was undertaken, but not at the two control structures.

The Laplace analysis uses count and recapture matrices to illustrate fish spatial behaviour in
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consecutive 20 m zones during CMR campaigns. These matrices form the input for parameter estimates
such as barrier permeability and mean dispersal distances. No discrimination was made between
upstream and downstream barrier traverses, and as such one barrier permeability value is given. Such an
approach, which takes downstream dispersal and downstream barrier traverses into account, provides
valuable information for river connectivity restoration plans and is given less attention than upstream
fish passage (e.g. Roscoe and Hinch, 2010; Noonan et al., 2012).

In the CMR campaigns, fish were captured, tagged and released at the same location. By
contrast, during displacement studies in late 2014, fish were displaced from above a structure to below.
Using automated PIT logging stations, characteristics such as number of attempts, time to locate the fish
pass, ascend duration and passage efficiency were recorded for individual fish. Cooke and Hinch (2013)
identified points of criticism for both these methods (displacement of fish vs. catch and release at the
same location). Fish tagged and released downstream of a structure with the purpose of evaluating
upstream passage may keep to (spawning) habitat downstream of the structure or may not all be
reproductively active. Individuals captured upstream of a structure and displaced downstream may have
experienced best access routes and how to successfully ascend the fish pass, thereby likely inflating
efficiency estimates. On the other hand, these fish might have reduced energy reserves and have
metabolic acidosis or an oxygen debt, thereby reducing chances of successful upstream passage (Bunt et
al., 2012).

Fish pass performance is often highly variable, with some passes working efficiently for one or a
select few species while working inadequately for other fishes (Jungwirth et al., 1998; Bunt et al., 1999;
Stuart and Mallen-Cooper, 1999; Coffman, 2005; Bunt et al., 2012). The ability of non-salmonid
species to overcome physical or hydraulic barriers may vary greatly (Lucas and Baras, 2001; Knaepkens
et al., 2006). For salmonids, and other strongly migratory fish species, it has been suggested that a fish
pass should reach 90 - 100% attraction and passage efficiency in order to be functional (Lucas and
Baras, 2001; Ferguson et al., 2002), although formal minimum standards have not been set (Larinier,

1998). Non-diadromous fishes, whereby passage over structures might not be considered as crucial for
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their fitness, may still require high fish pass efficiency for finding habitat for food, space, shelter or
spawning. Based on fish displacements using a fixed antennae array at entrance and exit of the fishway,
attraction efficiencies were found of 81.4%, 71.1% and 76.3% at S2 (Aug 2014) and S8 (Sep 2014 and
Nov 2014, respectively). Passage efficiencies were 70.1%, 71.9% and 93.1% for the same sites and
months. Based on total efficiencies for each site and month of operation, both solutions do not appear to
be working sufficiently well under baseflow conditions. Where suitable habitat is present upstream and
downstream of the obstacle, it could be argued that fishways are not as crucial as when select habitat is
only available above a structure (Calles and Greenberg, 2009). Displacement studies with fixed
automatic logging stations at other Deerness structures were planned, but not executed because of risk
of vandalism (experienced at S1 in August 2014). Nevertheless, increased relative upstream passage of
structures for trout and bullhead was shown following restoration using an approach with fixed PIT
logging stations. Similar results were also found based on zonal fish movement data obtained during
two CMR campaigns, indicating a reduction in river habitat fragmentation.

Other than alleviating fish passage over in-stream structures, nature-like fish bypass channels,
designed to mitigate obstacle effects at S2, may provide compensatory habitats for a range of fish
species. On lowland reaches of a regulated river network (River Main) in southern Germany, Pander et
al. (2013) evaluated the effectiveness of three nature-oriented fish bypass channels. Fish communities
were assessed and compared between sections downstream and upstream of the bypass channels with
those within the bypass fishways. In the heavily modified water bodies investigated, the bypass
channels provided habitat with higher flow velocity, lower water depth and smaller channel width.
Habitat, especially flow type and water depth, was more heterogeneous in the bypasses than in the
downstream or upstream sections, conditions reported to be suitable for rheophilic early life stages of
larger bodied fishes and for small-bodied rheophilic fish species (Copp, 1992; Jurajda, 1999; Humphries
et al., 2002), including stone loach and brown trout (Pander et al., 2013). With effects of impoundment
on river systems in mind, river reaches with high variability in flow velocity and water depth are

becoming increasingly scarce with the growing number of regulated freshwater systems (Dynesius and
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Nilsson, 1994; Nilsson et al., 2005). This may impact fish diversity in streams and be of importance to
river restoration management, since bypass channels may provide important habitat for reproduction
and nursery. For restoration management of the flow regulated Deerness, with special attention for the
return of rheophilic Atlantic salmon, bypass channels may prove invaluable.

Based on trout and bullhead movement in successive 20 m zones, the extent to which structures
identified in this study (S1-S8) were permeable for brown trout and bullhead was analysed with LaPlace
density kernel functions. Since dispersal movement of both brown trout and bullhead exhibited a
leptokurtic pattern of distribution (Figure 3.8), distance to the structure is an important factor for
determining barrier permeability based on dispersal movement. If individuals are absent directly
downstream of the structure - in the current study, with presented dispersal leptokurtic distributions, no
more than 40 m / 2 x 20 m zones - the likelihood of a passage attempt decreases rapidly. At each of the
structures identified, trout, and to a lesser degree, bullhead, were abundant directly above and below
each structure. This may be explained partly by a congregation of fish, hindered in their
dispersal/migration by the barrier (even following restoration). There was suitable habitat for trout and
bullhead available upstream and downstream of each of the studied Deerness structures (J. Tummers,
pers. obs.). It was shown that for brown trout PIT and VIE tagged, connectivity restoration was
successful for S1, S2, S4 and S5, with higher barrier permeability values calculated in 2014 (following
restoration) than in 2013. For bullhead, with PIT and VIE tagged individuals combined, increased
barrier permeability was presented for S2, S4 and S5. At S1, initially a stepped weir and restored with a
relatively long, high mean gradient rock ramp (Table 3.2), similar barrier permeability values were
calculated before and after connectivity restoration for bullhead, a small-bodied species with weak

swimming capacity (Beamish, 1978; Tudorache et al., 2008).

3.4.4 Upstream migration by adult trout

Radio telemetry showed certain structures on the lower Browney and Deerness to have a bottle-neck
effect for upstream migrating adult salmonids. As only relatively large, adult, strong-swimming trout

were radio-tagged, the assumption can likely be made that these structures severely impact younger
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trout and other weaker swimmers as well in their movement behaviour. Bankside walkover surveys of
radio-tagged sea trout and river-resident brown trout showed considerable delay in their spawning
migration as a result of poor passage efficiency at GS under baseflow. After a high flow event in mid-
November, high passage efficiency at BA, S1 and S2 following restoration was recorded, but only few
trout successfully ascended S3. All of the individuals that passed S3 migrated past restored sites S4, S5
and S6. As the first obstruction in the Browney-Deerness system, few adult trout (and, likely, other
upstream migratory fish), would have penetrated up into the Deerness before the spawning season ends
if precipitation had continued to stay low, resulting in low egg deposition and low recruitment the
following year. Since there is a significant amount of suitable trout spawning habitat located along the
lower, middle and upper Deerness, an impediment to their ability to reach these habitats may be severe.
Following this study the EA has invested in a new Larinier superactive baffle technical fishway at GS,

installed in 2016, aimed principally at achieving effective upstream passage of salmonids there.

3.45 Conclusion and recommendations

Results of this study have demonstrated that connectivity restoration on the Deerness was effective for
both a strong swimmer (brown trout) and for a weak swimmer (bullhead). Often, studies assess a
modified facility only for stronger swimmers, yet it is crucial that all resident fish species are included,
or multiple species with different swimming abilities. Alleviation of river fragmentation improved
dispersal and increased densities of 0+ trout above most structures following restoration. However,
radio telemetry of adult brown trout and sea trout indicated some structures, unmodified at the time of
study, to still be hindering free fish movement throughout the Deerness. There is a further need to
provide effective passage solutions at these key locations in order to achieve (re)colonization by a
variety of fish taxa as well as supporting natural dispersal processes in the existing fish communities.
This study also concludes that a multimethod approach is effective and informative in interpreting
changes in passage, dispersal and recolonization in connectivity-restored sections of river at the whole

species assemblage level, rather than for a few chosen target species or life stages.
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Chapter 4




AV

Evaluating the effectiveness of a Larinier super active baffle fish pass for European river
lamprey Lampetra fluviatilis before and after modification with wall-mounted studded

tiles

Extended version of publication: Tummers, J.S., Winter, E., Silva, S., O’Brien, P., Jang, M., Lucas, M.C. 2016. Evaluating
the effectiveness of a Larinier super active baffle fish pass for European river lamprey Lampetra fluviatilis before and after

modification with wall-mounted studded tiles. Ecological Engineering 91: 183-194.

4.1 Introduction

Globally, ca. 45 000 large dams, exceeding 15 m, were built during the 20 century (World
Commission on Dams, 2000). Although considered to be less of an impediment to migratory fish,
smaller engineered structures such as low-head dams and weirs are probably two to four orders of
magnitude more abundant than large dams (Lucas et al., 2009). Although these smaller structures may
not form absolute barriers, their cumulative negative impacts can be severe, whereby longitudinal
connectivity within river systems is often dramatically reduced, flow and sediment regimes are altered
(Nilsson et al., 2005; Xu and Milliman, 2009) and channel morphology, vegetation and invertebrate
communities are changed (Boon, 1988; Gordon and Meentemeyer, 2006). Direct consequences for fish
include the loss of, or reduced access to, critical habitat (Cooke et al., 2005; Pess et al., 2008; Lucas et
al., 2009), delayed migration (Lucas and Frear, 1997; Caudill et al., 2007) and fragmentation and
isolation of populations (Baras and Lucas, 2001; McLaughlin et al., 2006). Bracken et al. (2015)
reported that for several species of lamprey, genetic distance of lamprey populations was signficantly
positively correlated with the number of man-made barriers between these populations. Population
differentiation was also found to be higher with increased number of weirs between populations of
grayling (Meldgaard et al., 2003). Fish dependent on natural migration and dispersal between key
habitats are often affected (Yoshiyama et al., 1998; Feunteun, 2002) and subsequent population declines
(Nelson et al., 2002; Dekker et al., 2007) or, ultimately, population extinctions (Baras and Lucas, 2001;

Zabel and Williams, 2002) have been reported.
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In order to counter the impacts of obstructions to longitudinal connectivity in river systems,
several mitigation measures have been used, including the construction of fish passes (Clay, 1995;
Larinier et al., 2002; Larinier and Marmulla, 2004). Technical and nature-like fish passes (Katopodis
and Williams, 2011), have the potential to alleviate impoundment effects and facilitate passage for a
range of species (Clay, 1995; Bunt et al., 2012; Gough et al., 2012). However, fish passes are often
designed to favour conditions for economically important, migration-dependent strongly-swimming
species such as salmonids (Larinier and Marmulla, 2004; Williams et al., 2012). Fish passes often
perform poorly for other taxonomic groups (Lucas et al., 1999, 2000; Cooke et al., 2005; Bunt et al.,
2012; Noonan et al., 2012). Hydraulic conditions, such as flow velocity and turbulence, are critical to
the performance of fish passes, both within the pass and at the tailrace (Larinier et al., 2002). For
fishways, attraction to the entrance is influenced by the amount and velocity of flow leaving the fish
pass, but is also dependent on migratory behaviour and swimming capabilities of fish species, while
passage is reliant on hydraulic conditions such as flow velocity and shear stress and swimming ability
(Kemp, 2012; Williams et al., 2012). If passage of a broad range of fish species is to be facilitated,
consideration of different swimming modes, swimming capabilities (Noonan et al., 2012), behaviour
(Kemp, 2012) and life history stages (Baras and Lucas, 2001) are essential criteria.

Lampreys have been widely affected by the impacts of river damming and habitat modification
(Renaud, 1997; Close et al., 2002; Mateus et al., 2012) but this group of fishes has been afforded little
consideration until recently in terms of upstream passage requirements (Noonan et al., 2012). Indeed,
the emphasis had been on preventing passage of non-native sea lamprey Petromyzon marinus in the
Laurentian Great Lakes (Hunn and Youngs, 1980). Many populations of highly migratory, anadromous
lamprey species have declined dramatically throughout their native ranges (Renaud, 1997), including
the European river lamprey (Tuunainen et al., 1980; Lucas et al., 2009; Aronsuu et al., 2015). This
species is now widely regarded as endangered throughout large parts of Europe (Thiel et al., 2009;
Mateus et al., 2012) and receives protection in designated Natura 2000 sites under the EC Habitats

Directive (EC, 1992). The river lamprey is dependent on functional connectivity between key habitats
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to complete its life cycle, which includes upstream migration of adults between late autumn and spring,
when spawning occurs (Hardisty, 1986).

Unlike salmonids, fish employing an anguilliform swimming mode (e.g. lamprey) (Sfakiotakis
et al., 1999) do not leap at migration obstacles and have limited burst swimming performance (Clough
et al., 2004, Russon et al., 2011; Keefer et al., 2012). Although several lamprey species such as Pacific
lamprey Entosphenus tridentatus can climb steep, smooth surfaces (Reinhardt et al., 2008; Kemp et al.,
2009), most cannot and, like European river lamprey, use a combination of short burst-swimming
followed by resting behaviour consisting of attachment to the substrate with their oral disc (Kemp et al.,
2011; Russon et al., 2011; Moser et al., 2015), or undulation through shallow, slower flowing water.
Foulds and Lucas (2013) showed pool and weir passes and steep Denil passes to be highly inefficient
for European river lamprey passage.

In order to help restore free passage of fishes towards the community level, an increasingly
inclusive approach is being adopted towards facilitating passage of a much wider range of species than
had once been accommodated (Gough et al., 2012). This has taken the form of introducing nature-like
fishways suited to a wide diversity of fish (and non-fish) taxa (Parasiewicz et al., 1998); modification of
technical passes aiding a wide range of species and sizes (Mallen-Cooper and Stuart, 2007); and
development of specific solutions for particular species and morphotypes, including thin-water-flow
ramps for climbing lamprey species (Moser et al., 2011), and bristle and studded tile passes for elvers
and yellow stage freshwater eels (Solomon and Beach, 2004; Vowles et al., 2015).

Larinier super active baffle (SAB) fishways are relatively cheap retrofit fishways, suitable for
low-head barriers (Larinier et al., 2002). They have become widespread in Europe and are the most
commonly fitted technical pass in Britain. They are often intended to provide passage for a wide range
of species (Armstrong et al., 2010), yet their suitability for non-salmonids, including lampreys, is poorly
quantified. Since river lamprey are serpentine swimmers and positively thigmotactic, placement of
studded tiles on the inner wall of single-flight fishways could allow for a continuous tile-route through

the pass, with reduced flow velocity, low turbulence and increased availability of resting habitat. Elver
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passes, consisting of bristle mats inside conduit, usually with a thin water flow, are also now common at
physical obstacles, in order to aid upstream migration of elvers, and might also facilitate upstream
movement by river lamprey. This study investigated the effectiveness of a Larinier SAB fish pass in
facilitating upstream passage of adult river lamprey under varying flow conditions and water
temperature, before (2013-14, migration season 1, MS1) and after (2014-15, migration season 2, MS2)
modifications with vertically mounted studded tiles on the inner wall of the fish pass. The study also

examined the use of an elver pass at the same site in MSL1.

4.2 Methods

4.2.1 Study site

The study was conducted at a 20 m wide Crump weir, at Buttercrambe (Lat: 54.0181; Long: -0.8853;
mean daily flow 17.1 m®s™ (NRFA, 2015)) on the River Derwent, Northeast England (Figure 4.1). The
Crump weir has a triangular profile (1:2 upstream and 1:5 downstream slopes), and was built in 1973
for monitoring river discharge, although ultrasonic gauging is now used instead. The weir is 40.2 river
kilometres (rkm) from the Derwent confluence (Lucas et al., 2009), with a head of 1.31 m and discharge
of 2.78 m* s™ at Qqs (the flow equalled or exceeded for 95% of the time), annually (Environment
Agency (EA), pers. comm.). The middle and lower Derwent comprises a series of low-gradient reaches
(average gradient of 0.3 m km™) and is part of the Humber river system (mean daily flow 250 m®s™).
Draining the North Yorkshire Moors, the Derwent flows south and joins the Yorkshire River Ouse,
which in turn combines with the River Trent to form the Humber estuary. This estuary provides suitable
feeding habitat for parasitic river lamprey growing to adulthood, and is a Natura 2000 Special Area of
Conservation (SAC), for which river lamprey are a listed feature. Combined with spawning and
recruitment areas in tributaries such as the Derwent, crucial habitats for river lamprey conservation
occur within the Humber basin (Lucas et al., 2009), in which one of the most important UK river

lamprey populations is sustained (Jang and Lucas, 2005).
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Figure 4.1: Location of Buttercrambe weir relative to other obstructions on the lower Derwent and, inset, the study area

within Britain. Location of fish capture (on the Ouse) is marked.

The lower Derwent, where anadromous salmonid populations are slowly recovering after an
absence lasting decades, but where cyprinid, percid and esocid fishes are abundant (Whitton and Lucas,
1997), is an area of importance for river lamprey conservation. Not only is it an SAC, it also forms one
of the most impounded rivers within the Ouse catchment. Multiple anthropogenic structures (one tidal
barrage and five low head (< 5 m) obstructions, of which the barrage and two weirs are located
downstream of Buttercrambe weir) have been constructed in the lower 60 rkm of the Derwent (Figure
4.1). These impede free movement of multiple fish species, including river lamprey (Lucas et al., 2009).
Directly downstream of Buttercrambe weir, multiple sites with lamprey holding habitat (tree roots,
boulders etc.) are located. There was no artificial lighting in the vicinity of Buttercrambe weir during
the study period. In May 2013 a 15% gradient Larinier SAB fish pass was opened at Buttercrambe weir,
with the purpose of alleviating habitat fragmentation and restoring longitudinal connectivity for a
variety of fish species, including river lamprey. Furthermore, a bristle-mat elver pass, in operation at
Buttercrambe weir since early 2013, was considered to form a potential passage route for adult river

lamprey so was also studied as part of this project.
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4.2.2 Characteristics of the fish passes

Buttercrambe weir is flanked by two fish passes: a Larinier SAB fish pass on the right bank, which was
designed to facilitate upstream passage for a variety of fish species and of varying length, and an elver
pass on the left bank, which targets upstream passage of European eel elvers and small yellow eel.

The Larinier SAB fish pass at Buttercrambe is installed parallel to the main river flow. The
Larinier pass (concrete, 11.2 m long, internal width 2.75 m) consists of 24 rows of super active stainless
steel baffles (three per row, 12 mm thick, 150 mm high), equally spaced (0.40 m) and located across the
pass’s width (Figure 4.2). These baffles are located on the downstream-facing ramp of the fish pass (9.8
m long and 1.47 m height difference, resulting in a fish pass gradient of 15%, or 8.5°). Multiple
juxtaposed baffle units on the bottom allowed for an effective attraction flow leaving the entrance,
while still reducing flow velocity in the fish pass compared to the flow going over the Crump weir. The
attraction flow increases the likelihood of especially rheophilic fish species to be able to locate the
entrance of the fish pass, which is crucial for effective fish pass designs (e.g. Pavlov, 1989; Roscoe and
Hinch, 2010). A longitudinal strip (150 mm high) separates the rows of baffles for flow stabilisation
(Larinier, 2002c), thereby reducing flow velocities that would otherwise hinder species with weaker
swimming capacity, such as lamprey (Beamish, 1978). The bed-mounted baffle plates create helical
currents, thereby dissipating hydraulic kinetic energy. Potentially, river lamprey may be able to use
locally reduced velocity zones near the wing-walls, or over the baffles of the fish pass, while employing
a burst-attach-rest method to ascend the pass. The invert of the pass is at 9.1 m above ordnance datum
(mean sea level) and the upstream head on the pass (ha) is 0.32 m at Qgs. The fish pass is single-flight
(without pools for recovery available for fish) and has a head loss of 1.31 m at Qgs. For migratory
salmonids and for cyprinids, percids and esocids exceeding 20 cm in length, a head difference of up to
1.8 mand 1.5 m in single-flight Larinier SAB fishways is advised, respectively (Larinier, 2002c). The
lower operating depth limit for the fish pass is 0.17 m above the baffles, where a value of 0.10 m for
non-salmonid fish and 0.15 - 0.20 m for large migratory salmonids is advised (Larinier et al., 2002;

Armstrong et al., 2010). The upper operating depth limit is dependent on the swimming capacity of
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each individual fish species. The upstream-facing ramp, where baffles are absent, is 1.4 m long and has
a constructed height difference of 0.47 m at a 33% gradient. There is a 0.35 m vertical step between the
downstream end of the fish pass and the river bed. The Larinier pass at Buttercrambe inundates fully at
<Qs3 (J. Tummers, pers. obs.). The pass’s position on the right hand bank of the river is immediately
upstream of a left-bend of the river, so that it is upstream of the dominant flow on the outside of the
bend, thereby potentially facilitating attraction to the fishway entrance for fish moving upstream.

a) _, upstream : b)

O = N W

10

ol
downstream
Figure 4.2: a) Schematic of Larinier super active baffle fish pass (grid-distances in m, PIT antenna arrays at downstream and

upstream end of fish pass indicated by arrows) with representation of baffles (detailed in b); b) One of 24 baffle rows in

total, dimensions in mm.

In summer 2014, modifications to the fish pass were made with the aim of enhancing passage
efficiency for anguilliform fish, including river lamprey. Modified ‘eel tiles’ (Berry and Escott
Engineering, UK) were vertically mounted on the inside right-hand fish pass wall. These consisted of 2
cm thick polypropylene boards (1.02 m long, 0.50 m wide) each covered with 72 studs, projecting
towards the fishway wall, with the boards mounted vertically, adjacent to the wall (Figure 4.3). Studs
were blunt-ended cones, 50 mm high and 30 mm base diameter, separated by 60 mm along rows and 88
mm at diagonals of the stud bases. Studded tiles were housed within wall-mounted aluminium brackets
to provide lift-out boards for cleaning of debris. Starting 0.3 m upstream of the fish pass entrance (due
to the presence of a passive integrated transponder (PIT) antenna, see below), the tiles were placed
continuously to the fish pass exit region, 0.3 m beyond the upstream-most PIT antenna. This allowed for
a partially separated passage route along the right wall edge, with increased resting habitat and reduced

flow velocities, housed within the Larinier fish pass. Since the Larinier baffles were designed to fit the
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breadth of the pass and were not modified, the studded tiles, which were open at the bottom, made
contact with the baffles’ upper surfaces, rather than the fishway’s concrete base. While the studded tiles
did not extend to the bed, the arrangement allowed lamprey entering the main pass to access the studded

media at any point along the pass.
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Figure 4.3: Left: Representation of a studded tile, with aligned rows of sone-sﬁaped studs as used in the SAB fish pass
(source: http://berryescott.co.uk/). These tiles were placed as shown on the right. Right: Orientation of studded tiles (studs
face inwards from the board towards the wall) along the inner side of the right SAB fish pass wall, under low flow (partly
drained) conditions when construction works were nearly finished. The studded tiles are slotted into retaining frames and can
be lifted out by the handle at the top for cleaning and maintenance. The studded boards were mounted on top of the baffles,
so that lamprey were able to access the tile-route beyond the original opening, which could assist rather than reduce passage
efficiency.

The elver pass, located on the opposite (left hand) bank of the river at Buttercrambe, is made of
a rectangular steel conduit (31.5 m long, 0.3 m wide and 0.22 m high) with a constant water flow (ca.
20 L min™, pumped in at the crest and split to flow bidirectional), giving a water depth of ca. 1 cm and a
flow velocity of ca. 6 cm s™. The flow is distributed towards the entrance and exit over a thick,
continuous bed of boards of green vertical nylon bristle tufts (each board of bristles with one half where
bristles are spaced 30 mm apart, and the other half spaced 20 mm apart) fixed to a polypropylene sheet
on the bottom of the conduit (EA, 2009; Figure 4.4). Starting at the downstream end of the elver pass,
there is a 2 m long section with a 30% gradient slope, followed by a horizontal section of 11 m. The
pass then continues in a 7.1 m long section with a 12% slope, followed by a 10.5 m horizontal section.

The upstream end of the elver pass consists of a 1 m long section with a 40% downwards slope which
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empties into a slack flow region adjacent to the left bank ca. 5 m upstream of the weir (J. Tummers,
pers. obs.). Under elevated flow conditions, both the downstream and upstream ends of the elver pass

are inundated (e.g. at Qgo, ca. 0.4 m of the entrance and exit regions of pipe are submerged).
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Figure 4.4: Left: vertical nylon bristle tufts, equally spaced (source: http://www.dcrt.org.uk/bolton-upon-dearne-eel-pass);
middle: representation of a board of vertically placed bristle tufts, with different spacing between the left and right side of
the board as used in the present study, fixed on the bottom of a conduit; right: representation of an inundated elver pass’

entrance (source for latter two images: http://www.aquaticcontrol.co.uk/products/fish-friendly/hdpe-eel-and-elver-passes).

Hydrodynamic conditions of the Larinier SAB fish pass were measured both within, and at the
downstream entrance of the fish pass at 0.23 m river stage, weir crest 9.65 m above UK mean sea level,
0.40 m head in the pass (25 September 2013, Qgs, no studded tiles in place). An electromagnetic water
velocity meter (Valeport model 801) was used to take an array of point-measurements of mean flow
velocity (+ SD, in ms™), each over a 20 s period. Every 0.3 m along the channel, at a distance of 0.2 m
and 0.4 m from the bed (0.05 m and 0.25 m above the top of baffle surface, respectively), seven
measurements (equally spaced, 0.4 m intervals) were taken across the width of the fish pass (238
measurements at each depth, for a grand total of 476 measurements). Comsol Multiphysics 5.0 was used
to create fish pass velocity profiles from empirical data. Based on flow velocity measurements,
discharge through the fish pass was calculated by multiplying velocity with cross sectional area of flow.
Although empirical flow measurements in the Larinier fish pass were not possible at elevated flows due
to safety precautions, it was possible to estimate these using EA hydrometric data for the site combined
with modelled relationships for 15% slope SAB fish passes with 150 mm high baffles (Larinier, 2002c;
Armstrong et al., 2010). River stage data were combined with weir and hydraulic head in the fish pass

to estimate discharge (m® s™) passing over the weir and through the fish pass (D. Lindsay, pers. comm.).
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Fish pass discharge was then converted to unitary discharge (g, m s m™), by dividing by fish pass

width (2.75 m). Average flow velocity in the SAB fish pass above baffles was then derived using

Figure 4.5.
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Figure 4.5: Relationship between upstream head (ha), mean depth in pass (h), unitary discharge (q), and velocity (V) for 0.15

m high SAB fishways, at a 15% slope (reproduced from Larinier, 2002c).

4.2.3 Lamprey capture and tagging

Because catch per unit effort of river lamprey in the Derwent is low (Jang and Lucas, 2005), migrating
lamprey for the study were captured from the Yorkshire Ouse in two-funnel eel pots (Masters et al.,
2006) and taken to Buttercrambe for tagging and release. Lucas et al. (2009) demonstrated no difference
in migration behaviour of Derwent-caught and Ouse-caught lamprey released in the Derwent. Natal
homing behaviour is absent for the strongly positively rheotactic river lamprey (Tuunainen et al., 1980)
and river lamprey in tributaries of the Ouse are the same genetic population (Bracken et al., 2015).
Foulds and Lucas (2013) showed release of translocated lamprey from the Ouse to the Derwent to be
highly effective for evaluating fishway passage, with high proportions approaching fishways.

Lamprey for tagging were anaesthetised (stage 111, surgical) using a buffered 0.1 g L™ solution
of MS-222. Total body length in mm was measured and lamprey were subsequently tagged by
implanting a 32 mm x 3.65 mm or a 23 mm x 3.65 mm PIT tag (HDX, Texas Instruments model RI-
TRP-RRHP, 134.2 kHz, weight 0.8 g and 0.6 g in air, respectively) into the body cavity via a mid-
ventral incision under UK Home Office Licence, in accordance with the Animals (Scientific

Procedures) Act 1986. A single suture (coated Vicryl, 4/0) was used to close the incision. In MS1 a
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sample of fish were double-tagged with both a 32 mm PIT tag and a coded 69 KHz acoustic transmitter
(Model LP-7.3, 18 mm long x 7.3 mm diameter, 1.9 g in air, 30-60 s code interval nominal repeat,
Thelma Biotel AS, Trondheim, Norway). After acoustic tagging, the incision was closed with three
separate sutures. Table 4.1 shows numbers and body lengths of river lamprey tagged solely with PIT
tags (23 mm and 32 mm) and double-tagged with a 32 mm PIT tag and acoustic tag, for the two study
seasons. In total, 350 lamprey were PIT tagged in MS1, of which 31 were double-tagged with an
acoustic tag, and 197 individuals were PIT tagged with 32 mm tags solely in MS2. Fish were allowed to
fully recover (ca. 45 min) in aerated water before release 0.16 rkm (PIT tagged lamprey) or 0.62 rkm
(acoustic + PIT tagged lamprey) downstream of the weir (Figure 4.6). Acoustic tagged fish were
released further downstream to enable upstream-moving lamprey to be recorded by stationary acoustic

loggers as they approached the weir.
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Buttercrambe weir
Temperature logger

PIT tagged fish
release site
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Figure 4.6: Locations on the Derwent of acoustic receivers (n = 8, of which 3 upstream of the SAB fish pass, and 5
downstream). Also shown is the location of the temperature logger (n = 1), Buttercrambe weir (n = 1) and locations of

release (n = 2). Rec.: acoustic receiver.

4.2.4 Telemetry

A pass-through synchronised Master-Slave half-duplex (HDX) PIT detection system (Wyre
Microdesign, UK) based upon the design of Castro-Santos et al. (1996) was installed in the Larinier
pass. Antennas made of 6 mm diameter, 771 strand, oxygen-free copper insulated wire were placed at
the downstream and upstream ends of the fish pass (2.75 m wide x 1.62 m high for downstream
antenna; 2.75 m wide, 2.3 m high for upstream antenna), ca. 0.5 m from upstream exit and 0.3 m from
downstream entrance. Each antenna terminated in a tuning box at the top of a pole (above flood-water
height) positioned vertically on the right side wall of the fish pass. A data and power cable connected
the tuning box to the readers and logger. Power was provided by a 12 V leisure battery, trickle charged
by a linear mode battery charger from a 240 V AC mains supply.

The Larinier pass antennas were tuned to ensure detection of a 32 mm long PIT tag at any point
and orientation within the loop, with a typical perpendicular range from the loop axis of 0.3 m. The
antennas were also tested with 23 mm PIT tags and while complete coverage was achieved at both

antennas in May 2013 (within a month of antenna placement) by October 2013, an area of ca. 0.5 x 0.5
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m where tag detection was not achieved was evident in the centre of the upstream antenna for 23 mm
tags. For 32 mm tags, no such areas of poor/no detection were found, despite repeated, intensive tests
over the whole study period, nor for 23 mm tags at the downstream antenna. Therefore, 32 mm tags
were used to tag lamprey. A subset of lamprey were tagged with 23 mm tags used to determine any
possible impact of the larger tag on the proportion of lampreys detected at the downstream antenna, and
their arrival time there following release. Synchronised HDX (Texas Instruments) readers were used to
interrogate the paired antennas simultaneously (13 times per second), so as to prevent signal
interference between paired antennas. As well as regular manual percentage detection efficiency tests (>
99% on all occasions), timed auto-emitter check tags (Oregon RFID, USA) were used to monitor
operational efficiency of the PIT equipment.

Logging equipment ran continuously (> 99.9% of time) from 31 October 2013 to 26 February
2014 (MS1) and from 28 October 2014 to 26 February 2015 (MS2). This is a period that incorporates
over 95% of lamprey upstream migration activity in the Derwent (Lucas et al., 2009; Foulds and Lucas,
2013). Upon detection, the tag’s unique code, date and time were stored. This allowed for determination
of: a) the proportion of lamprey released downstream, recorded at the fishway entrance (attraction
efficiency); b) the proportion of lamprey successfully ascending the fish pass, after having located the
entrance (passage efficiency; (Aarestrup et al., 2003; Cooke and Hinch, 2013)) and c) patterns of
visitation to the Larinier fish pass. Attempt frequencies by individual lamprey were extracted employing
a 1 h minimum interval filter between repeat detections, assumed to reflect more extensive searching
behaviour for alternative routes and/or extended periods in the fish pass. Cooke and Hinch (2013)
distinguish attraction (detection in the pass outflow vicinity, ca. < 3 m below the fishway) from
entrance (detection in the lowest part of fishway) behaviours and define entrance efficiency as the
proportion of fish detected in the pass outflow vicinity which then enter the pass. Perhaps unhelpfully,
detection of fish entering the pass without prior instrumentation and associated detection in the fishway
outflow has no definition in Cooke and Hinch’s (2013) scheme. In these experiments | consider the

proportion of released lamprey that visited the fishway entrance as an appropriate measure of attraction
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efficiency. Piscivores (birds, mammals and fish) occur near Buttercrambe weir (J. Tummers, pers. obs.;
Whitton and Lucas, 1997) and may contribute to natural mortality of tagged lamprey (e.g. Skov et al.,
2014 for lake fish; Jepsen et al., 2010), so the attraction efficiency measurement is a minimum estimate.
Passage efficiency in the Larinier fish pass was calculated only for 32 mm PIT tagged lamprey due to
the central area in the detection field of the upstream antenna where unreliable detection efficiencies
were measured for 23 mm PIT tags.

At the elver pass, evaluated during MS1 solely, antenna loops (4 mm diameter oxygen-free
multifilament copper strand insulated cable) were created at the entrance and exit, each of which has far
smaller dimensions than the Larinier pass (elver pass dimensions, 0.30 m wide, 0.22 m high). The ends
of each antenna terminated at the top of a pole beyond 1 in 5 year flood height, from which a data cable
ran to a logger. In order to detect and log only those lamprey that actually enter the elver pass, rather
than those swimming around the outside of the thin-walled elver pass, the elver pass antennas were
deliberately detuned so that they only detected a tag passing inside an antenna. The detection range of
32 and 23 mm tags, perpendicular to the midline of the elver pass was ca. 5 cm. The elver pass PIT
station, on the left bank, was operated by a separate reader-logger system to that of the SAB fishway on
the right bank. Since a mains power supply was not readily available, the elver pass PIT station was
powered by 110 Ah 12 V leisure batteries, replaced every 9 £ 1 days but these were deliberately
disconnected over the Christmas - New Year period. The elver pass PIT system was operational from 04
December 2013 until 20 December 2013, and from 13 January 2014 until 26 February 2014. During
these periods of operation, 100% of test tag passes were recorded successfully at the elver pass.

For MS2, extra PIT antennas were placed in the Larinier pass to assess the efficacy of the fish
pass after addition of studded tiles, and monitored simultaneously with the Larinier pass antennas by a
single synchronised system of one Master and three Slave readers. In addition to the PIT antennas fixed
on the downstream entrance and upstream exit of the Larinier pass from MSL1, a low-range PIT antenna
(3 mm diameter, multistrand insulated copper wire) was formed on the inside of a tile 1 m upstream of

the fish pass entrance, and within a tile placed 1 m below the upstream exit. Tiles closer to the fishway
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ends were present, but not chosen for antenna placement, so as to ensure unique detection fields of each
antenna and to avoid electrical noise transfer. Antennas’ tag detection characteristics were tested
rigorously, particularly to ensure that tile antenna detections were for tags within (not outside) the tile.
The four PIT antennas ran continuously (> 99.9% of the time) in MS2, from 28 October 2014 to 26
February 2015. All tiles were visually inspected and cleaned approximately every 2 weeks during MS2,
during which the effectiveness of the elver pass for river lamprey was no longer evaluated.

Since some lamprey can pass Derwent weirs directly by the main river channel (Lucas et al.,
2009), and because PIT detection antennas could not cover the whole river width and depth, coded 69
KHz acoustic transmitters and receivers (Vemco VR2 and VR2W, Halifax, Canada) were used in MS1
to evaluate direct passage over the weir. Acoustic telemetry was used rather than radio telemetry, since
numerous standalone coded signal acoustic receiver-loggers, but not coded signal radio receiver-loggers
were available for use, to monitor discrete sites along the migration route, even though these perform
less well in aerated turbulent water and must be sited outwith these areas (Cooke et al., 2012). Three
omnidirectional acoustic receiver-loggers were placed at varying distances (ca. 45 - 380 m) upstream of
the weir in areas of non-turbulent (low-noise) water, while five were placed 160 - 4600 m downstream
of Buttercrambe weir (Figure 4.6, Table 4.2). One was placed in Buttercrambe canal, since a pipe
running underneath the weir connects the area upstream of the weir with the canal, and also because as
the river starts to flood out of bank, water from the river flows into the canal. No receiver was deployed
at or close to the base of the weir (Figure 4.6), as acoustic receivers require relatively non-turbulent
water conditions with good line of sight to function properly and achieve good detection radii. Tag
detection range (radius: 45 - 75 m) varied by receiver and no difference in directionality (upstream vs.
downstream) was observed (Table 4.2). Ranges were measured with a test transmitter under field
conditions at ca. Q7. All eight receivers were operational from 26 October 2013 to 26 February 2014.
No test tags placed at any location downstream of the weir could be detected by receivers upstream of

the weir. First records of acoustic tagged fish at the first receiver downstream of the weir (Receiver 4)
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were classified as fish approaching (and attempting to pass) the weir, while the same fish could be

detected at the fish pass entrances, by virtue of their PIT tags.

Table 4.2: Details of acoustic receivers placed in the vicinity of Buttercrambe weir (n = 7) and further downstream, at

Stamford Bridge (n = 1). us: upstream, ds: downstream.

Receiver Location relative to Buttercrambe GPS location (lat.; Detection range - ds ;
weir, +/- rkm long.) us (m)

1 Most us, - 0.381 54.021433; -60; 60
-0.88812903

2 Second us, - 0.145 54.019736; -55;55
-0.88720366

3 First us, - 0.043 54.019055; -35;45
-0.88575527

4 First ds, + 0.161 54.019376; -50; 40
-0.88355049

5 Second ds, + 0.263 54.018535; -50;50
-0.88299796

6 Third ds, + 0.418 54.017860; -70;70
-0.88108286

7 Buttercrambe canal (ds), + n.a. 54.018097; -75;75
-0.88373020

8 Stamford Bridge (ds), + 4.6 53.993354; -45; 45
-0.91203824

4.2.5 Environmental conditions and statistical analysis

Ultrasonically gauged stage and discharge data at Buttercrambe weir were obtained from the EA. Flows
were related to the percentage of annual exceedance (Qy) by using an annual flow duration curve
(NRFA, 2015). Water temperature was logged at 1 h intervals (Tinytag, TG-4100), 150 m downstream
of Buttercrambe weir.

Differences between logged records of (cumulative) number of unique lamprey, and of number
of attempts and attempt frequency by individual lamprey at both fish passes (between MS1 and MS2:
Mann-Whitney U test; between release dates within MS1 or MS2: Kruskal Wallis test; between released
lamprey: ANOVA) were analysed for significance in SPSS 22. River lamprey visits to the SAB pass
over the study period were related to flow and water temperature and analysed using General Linear
Models (GLMs) with repeated measures, since multiple attempts may be made by individual lamprey,
thereby violating the assumption of independent data input as used in standard GLM. Number of

attempts made at the fish passes by individual lamprey was extracted employing a 1 h minimum interval
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filter between repeat detections. Data were examined for normality and homogeneity of variance before
determining suitability of parametric or non-parametric statistical approaches. Post-hoc Benjamini-
Hochberg corrections (Benjamini and Hochberg, 1995) were made to multiple comparisons of non-
parametric data.

To determine, in outline, the relative influence of different variables on variation in attempt rate,
principal components analysis (PCA; e.g. Drake, 1999; Jolliffe, 2002; see Section 2.2.5) was conducted
using R packages ‘ggbiplot’, ‘stats’ and ‘caret’. Distinguishing between release dates, variables taken
into account per attempt included a) time of day; b) duration from release to first detection at fish pass
entrance (hours); c) body length (mm); d) river discharge (m* s™); e) water temperature (°C); f) A river
discharge (contrast with 24 hours earlier, m* s) and g) A water temperature (contrast with 24 hours
earlier, °C). For both MS1 and MS2, a Box and Cox transformation was first applied to all attempt
variables (Box and Cox, 1964) to correct for skewness, before application of PCA. Only those principal
components (PCs) necessary to explain at least 95% of the variability in the data were retained.

It has been reported that river lamprey exhibit diel activity during their upstream migration (e.g.
Foulds and Lucas, 2013), and that this pattern may change according to environmental conditions (such
as water temperature (Hardisty and Potter, 1971), photoperiod, physiological status and life history
requirements (Keefer et al., 2013), so that river lamprey may extend their daily period of activity (e.g.
Sjoberg, 1980). To analyse the timing of river lamprey attempts at the fish pass, circular rose diagrams

were created using the packages ‘lubridate’ and ‘ggplot2’ for R 3.2.0.

4.3 Results

4.3.1 Hydrological conditions

Flow conditions in the SAB fish pass were measured manually on 25 September 2013 (during low flow
conditions, Qgs), and the proportion of total river discharge entering the Larinier fish pass was estimated
at 15.8%. Flow velocity corresponded to the herringbone orientation of the bottom baffles, whereby
relatively slow-flowing lanes (n = 4) and relatively fast-flowing lanes (n = 3) were observed, the latter
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occurring in the V-apex regions of the baffles. Flow was faster in zones nearer the surface (0.25 m
above top of baffles; Figure 4.7b) compared to velocities in zones just above (0.05 m) the top of baffles
(Figure 4.7a), and higher velocity lanes also extended further over the range of the fish pass when
measured nearer the surface. Derived discharge and flow velocities over a wide range of water levels
are presented in Table 4.3. Mean flow velocities above baffles at Qyo are estimated as high as 2.30 m s™.
At the elver pass no water velocity measurements were taken because of limited access to the closed
channel, but water outflow at the downstream end was merely a trickle of flow and estimated at ca. 10 L

mintand <5cms™.
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Figure 4.7: Flow velocity measurements (m s™) taken at 0.20 m from bed (0.05 m from top of baffles (a)) and 0.40 m from
bed (0.25 m above top of baffles (b)) within the Larinier fish pass. Stage height measurement on the day of measurement

was 0.23 m (Qgs) and depth within the fish pass was 0.50 - 0.55 m.
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Table 4.3: Estimated discharge and flow velocities in the Larinier fish pass for Q annual exceedance flow levels and stage
height. Values were derived from Figure 4.5. Values are shown for 0.23 m stage height (Qgs) as well, flow levels in which
empirical measurements were taken. Flow calculations are accurate up to a head of 0.65 m (stage height of 0.47 m), as fish

pass hydraulics tend to change to a triangular profile weir at higher heads (D. Lindsay, EA, pers. comm.).

Q exceedance Stage height Estimated mean  Estimated mean
main river (m)  discharge (m*s™®) velocity (ms™)
Qoo 0.148 0.93 1.30
Qos 0.170 1.03 1.35
Qo3 0.179 1.07 1.36
Qoo 0.200 1.17 1.37
Qss 0.230 1.31 1.41
Qso 0.248 1.40 1.44
Qo 0.290 1.62 1.49
Qeo 0.331 1.84 1.57
Qs 0.387 2.16 1.64
Qa7 0.398 2.22 1.67
Quo 0.447 2.52 1.73
Q30 0.518 2.98 1.79
Q2 0.630 3.75 2.05
Qo 0.810 5.14 2.30

4.3.2 Fish pass efficiency and time taken to locate the pass entrance

Although 315 out of 350 lamprey released below Buttercrambe weir were detected at the entrance of the
Larinier fish pass in MS1 (attraction efficiency, 90.1%), only one (passage efficiency, 0.3%)
successfully ascended it during the period 31 October 2013 to 26 February 2014 (119 days) (Figure
4.8). There was no significant effect of tag size and double-tagging treatment on the numbers of
lamprey detected at the Larinier pass (x*(2) = 0.9994, p = 0.603). When comparing time to first
detection for individuals tagged with 23 mm or 32 mm PIT tags on paired release days (n = 2), in the
first release 32-mm tagged lamprey were detected in the fishway sooner than 23-mm tagged lamprey
(Mann-Whitney, U = 169.5, Z =-2.213, p = 0.027; 23 mm tags, n = 12; 32 mm tags, n = 55), a
counterintuitive outcome, suggesting no tag burden impact of the larger tag. No significant difference
occurred for lamprey released on 21 November 2013 (the second release; Mann-Whitney, U = 279.0, Z
=-0.875, p = 0.381; 23 mm tags, n = 30; 32 mm tags, n = 27).

During MS2, with lamprey tiles installed on the inner side of the right wall of the fish pass, 169

out of 197 released lamprey entered the fishway (85.8% attraction efficiency; Figure 4.8). Twelve
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lamprey (7.1% passage efficiency) were successful in ascending the fish pass (Figure 4.8), all of which
used the tile-route. On 18 December 2014, two of the tiles were found to be missing (both located
directly upstream of the lower instrumented tile). These were not replaced as the brackets were bent and
would have required fishway closure for repair. As a result, the tile-route was subsequently
discontinuous; during this period no tagged lamprey detections were made at the upstream tile PIT
antenna nor at the upstream exit PIT antenna, but the detection rate at the downstream tile PIT antenna
fell to 23.4% (15/64) of the rate prior to 18 December 2014, while the detection rate of lampreys

entering the pass fell to 49.0% (74/151) of the rate prior to 18 December 2014.
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Figure 4.8: a) Cumulative number of lamprey at liberty (blue), number of lamprey detected at the fish pass entrance (orange)
and number of lamprey successfully ascending the fish pass (green) in MS1 and b) in MS2. Note that during MS1, one

lamprey successfully ascended the SAB fish pass on 08 February 2014. Arrows indicate release dates.

Of the 315 lamprey which entered the SAB fish pass in MS1, 158 (50.2%) were detected at the
downstream antenna within 24 h of release. In MS2, 105 out of 169 (62.1%) of lamprey entered the pass
within the same period. There was no significant difference in time to locate the fish pass between the
two migration seasons (MS1; median time = 25 h [range: 1 - 1386 h]; MS2; median time = 6 h [range: 2
- 2074 h]; Mann-Whitney, U = 24201.0, Z = -1.650, p = 0.099). Excluding lamprey that never located

the fish pass during the study period, there was a significant difference in time taken to locate the
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fishway across the six release dates in MS1 (Kruskal Wallis; H = 26.71, df =5, p < 0.001). Using post-
hoc pairwise analyses (Mann-Whitney U tests corrected with Benjamini-Hochberg false discovery rate),
significant pairwise differences were found in MS1 between release dates 31 Oct - 06 Nov, 31 Oct - 21
Nov, 31 Oct - 26 Nov, 06 Nov - 21 Nov, 14 Nov - 21 Nov, 21 Nov - 06 Dec and 26 Nov - 06 Dec. For
MS2, a significant difference was found for time taken to locate the fish pass across five release dates
(Kruskal Wallis; H =11.40, df = 4, p = 0.022), but after post hoc pairwise comparisons corrected for
false discovery rate, no significant difference was apparent.

The elver pass downstream entrance was located by 39 of the 315 different lamprey detected at
the Larinier pass in MS1, during the period of 04 December 2013 until 20 December 2013 and from 13
January 2014 to 26 February 2014 (the period when the elver pass PIT system was operational). No
river lamprey were logged solely at the elver pass. The number of lamprey entering fish passes as a
proportion of those at liberty differed markedly between the Larinier and elver fish pass (315 vs 39
respectively; attraction efficiencies of 90.1% vs 11.1%). The lower rate of entry to the elver pass is
likely partly due to the reduced period of elver pass monitoring. However, for days during MS1 when
both fish passes were operational and when one or more tagged fish was detected (n = 37), the number
of lamprey and attempts detected at the Larinier fish pass were significantly higher than at the elver pass
(Wilcoxon signed ranks test: number of lamprey: Z = -5.230, p < 0.001. Attempts: Z = -5.245, p <
0.001). Passage efficiency was zero for the elver pass (none were recorded passing). While roughly half
of the 315 lamprey which located the Larinier fish pass did so within 24 h of release, none of the 39

lamprey detected at the downstream entrance of the elver pass did so within 24 hours.

4.3.3 Fish pass ascent attempts and environmental effects

The 315 river lamprey that located the fish pass in MS1 had a mean attempt frequency at the SAB pass
of 11.4 (range: 1 - 177), while the 169 individuals released during the 2014 - 2015 migrating season
attempted the fish pass 7.3 times on average (range: 1 - 28) over the whole study period. Body length

was not significantly related to the number of attempts made at the fish pass, for MS1 nor MS2, when
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standardized for the number of individuals tagged per body length (ANOVA: F; g4 = 0.542, p = 0.463;
F166 = 0.321, p = 0.573, respectively). In MS1, excluding fish pass visit data on release dates, bigger
lamprey took significantly less time to locate the fish pass than smaller lamprey, an effect which was
not found during MS2 (F1 271 = 11.996, p = 0.001; F; 143 = 0.333, p = 0.565, respectively). Duration
between individual attempts - excluding fish pass visit data on release dates and employing a one hour
attempt interval filter - was not related to lamprey body length for both seasons (MS1: F1 2709 = 0.205, p
= 0.651; MS2: Fy g0 = 0.669, p = 0.414).

River lamprey attempts to ascend the Larinier pass and elver pass were carried out over a wide
variety of river discharges during MS1 (Qs-Q7o). Although low annual flows occurred during early
autumn 2013, including on 25 September 2013 (Qgs) when the fish pass was surveyed for its velocity
regime, these flows were absent during the evaluation period (Figure 4.9). In absolute terms, numbers
of different lamprey and total attempts per flow category detected at the respective fish pass was highest
for observed river flow categories of 21-30% and 11-20% annual exceedance (Figure 4.9). Although
very high flows (Q1-10) occurred more frequently, especially from December onwards, lamprey visited
the passes less in those conditions. Standardising for numbers of lamprey available and for number of
days in the respective flow category, showed that the median number of different lamprey attempting to
pass at the Larinier was highest at Q41.50, and that the same pattern was apparent for standardised rates
of attempts per lamprey available per day. For the elver pass, greater utilisation at Q21.3p was found,

although sample size is smaller.
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Figure 4.9: a) Number of days in MS1 with flows in respective categories; b) different lamprey detected within each flow
category and (c) total number of lamprey attempts (1 h repeat detection filter) for each flow category (grey bars: Larinier

pass; dashed bars: elver pass). The elver pass was operational for 52.1% of MS1, and thus a) only applies to Larinier data.

Temporal patterns of river lamprey visits to the SAB pass were affected by day of release as
well as river flow (Figure 4.10). Using 16 January 2014 and 2015 as cut-off dates, after which
negligible numbers of lamprey were attempting to pass the SAB fish pass, but when river discharge was
markedly higher relative to the preceding part of the study period for MS1 (Figure 4.10), the number of
attempts made at the fishway was weakly (but positively) affected by river flow in MS1 (GLMM: F =
33.221, p = 0.038). There was no relationship between water temperature (mean + SD during MS1: 5.6

+ 0.9 °C) and number of attempts in MS1 (F = 23.118, p = 0.209). Combining flow and water
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temperature factors gave a marginally significant (positive) relationship with attempt frequency (F =
42.404, p = 0.045). In MS2 (water temperature mean + SD: 5.0 + 1.9 °C), a significant (positive) flow
effect was found (GLMM: flow (F = 53.148, p = 0.011), while water temperature was not significantly
related with attempt frequency (F = 35.332, p = 0.214). Combined flow plus water temperature was
significant (F = 62.047, p = 0.015). The highest number of individuals detected at the fish pass in a day
was, for MS1, on 17 December 2013 (182 lamprey, 52% of lamprey released at the time, mean daily
flow of 22.7 m*® s™* (Q,4), mean daily water temperature of 7.2 °C, Figure 4.10). For MS2, this was on
18 December 2014 (64 lamprey, 32.5% of lamprey at liberty at the time, mean daily flow of 22.3 m* s™

(Q25), mean daily water temperature of 6.3 °C, Figure 4.10).
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Figure 4.10: a), b); Number of lamprey passage attempts, using a > 1 hour interval filter between successive attempts for the
same individual, relative to temperature and river discharge per date in MS1 and in MS2, respectively. c), d); Number of
unique lamprey per day detected at downstream entrance of fish pass relative to temperature and river discharge per date in
MS1 and in MS2, respectively. Bold black: number of attempts/lamprey; dotted black: temperature (°C); dashed grey: river

discharge (m®s™).
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Analysing attempts - employing a one hour attempt interval filter - made by lamprey released in
MS1 and MS2 did not show a single, clear explanatory variable for attempt frequency at the Larinier
pass. For MS1, all principal components were included to achieve at least 95% explained variance, and
for MS2 by reducing the data by one component. Proportion of variance accounted for by each PC
showed attempt frequency to be explained potentially by a multitude of factors (Table 4.4). Plotting
those components (PC1, PC2) which attributed to explained variance the most of all components tested,
contribution to the variance in data by all variables is shown in Figure 4.11 and Figure 4.12 for MS1
and MS2, respectively. For MS1, cumulative explained variance for PC1 and PC2 was 46.6%, and for
MS2 the same components cumulatively accounted for 49.2% of the variance in data (Table 4.4). High
overlap in normal contour circles (delimiting 95% of all data points for each respective release date)
shows similarity in variables of each attempt grouped by release date, particularly in MS1. In both
years, flow and temperature, and/or changes between flow and temperature were consistently important

in contributing to recorded variance in attempt frequency at the Larinier pass (Table 4.4).

Table 4.4: Relative contribution of each principal component (PC) to the variation in data of the 7 variables used as input for
PCA, for MS1 and MS2. Following a Box and Cox transformation, only those PC’s which explained at least 95% of the
variance in data were kept. For MS2, this resulted in one discarded PC (PC7). Letters in parentheses correspond with the 3
most important variables - in descending order - to the principal component. a) time of day; b) duration from release to first
detection at fish pass entrance (h); c) body length (mm); d) river discharge (m®s™); e) water temperature (°C); f) A river

discharge (contrast with 24 hours earlier, m® s*) and g) A water temperature (contrast with 24 hours earlier, °C).

MS1 PC1 PC2 PC3 PC4 PC5 PC6 PC7
(f,d,g) (e,d,g) (b,c,f) (af,e (c,ba) (g,fe) (def

Standard deviation 1.314 1.239 1.088 0.945 0.899  0.705 0.597
Proportion of variance ~ 0.247 0.219 0.169 0.128 0.116 0.071 0.051
Cumulative proportion  0.247 0.466 0.635 0.763 0.878 0949  1.000

MS?2 PC1 PC2 PC3 PC4 PC5 PC6 PC7
(d,f,e) (a,e,b) (c,g,a) (ab,c) (b,c,g) (e,f,g) (dfe)

Standard deviation 1.512 1.078 1.007 0.971 0.955 0.750  0.349
Proportion of variance  0.326 0.166 0.145 0.135 0.130 0.080 0.017
Cumulative proportion  0.326 0.493 0.637 0.772 0.902 0.983  1.000
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Figure 4.11: Principal component analysis of attempts by river lamprey released during MS1. 95% contour circles are drawn

for each group (release date). Total variance explained by PC1 and PC2 is 46.6%.
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Figure 4.12: Principal component analysis of attempts by river lamprey released during MS2. 95% contour circles are drawn

for each group (release date). Total variance explained by PC1 and PC2 is 49.2%.

230



4.3.4 Variance in passage attempts grouped by release date

Grouping the number of attempts (> 1 h interval between detections) per attempting lamprey at the
Larinier pass per release date, a significant difference was found in attempt rate per release date in MS1
(Kruskal Wallis; H = 27.40, df =5, p < 0.001). Using post-hoc pairwise analyses (Mann-Whitney U
tests corrected with Benjamini-Hochberg false discovery rate) showed the following significantly
different release dates: 31 Oct and 26 Nov, 31 Oct and 06 Dec, 06 Nov and 26 Nov, 06 Nov and 06
Dec, 14 Nov and 26 Nov, 14 Nov and 06 Dec, 21 Nov and 26 Nov, 21 Nov and 06 Dec. Similarly, for
MS2, initial analysis showed a significant difference (Kruskal Wallis; H = 46.53, df =4, p <0.001) and
post-hoc tests identified the only non-significantly different groups were attempt rates between 21 Nov
and 28 Nov. Duration between individual attempts was significantly - but weakly - different between
release dates in MS1 (Kruskal Wallis; H = 11.84, df =5, p = 0.037) and, following post-hoc tests, dates
06 Nov - 21 Nov and 14 Nov - 21 Nov were significantly different. Dates showed significant
differences in this parameter during MS2 as well (Kruskal Wallis; H = 65.48, df = 4, p <0.001),

specifically between dates 28 Oct - 21 Nov, 28 Oct - 28 Nov and 28 Oct - 04 Dec.

4.3.5 Migration delay and diel activity

Many lamprey were in the vicinity of the fishway for a prolonged period in both study seasons (Figure
4.13). While 62 individuals (19.7%) were only detected at the SAB entrance within 10 days of release, a
substantial proportion (33, or 10.4%) were present downstream of the weir even from 50 - 59 days after
release in MS1. After modification of the fish pass, 61 (36.1%) were detected within 10 days after
release, while 16 lamprey (9%) were in the vicinity of the pass 30 - 39 days following release (Figure
4.13). Individual lamprey were delayed for a mean minimum of 32.8 and 16.5 days, for the first and

second migrating season, respectively.
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Figure 4.13: Minimum delay periods for individual lamprey migration (days) at Buttercrambe weir as a percentage of those
that entered the fish pass (total of n = 315 and n = 169 for MS1 and MS2, respectively). Duration calculated from PIT

records from release day until last detection at downstream entrance of fish pass.

Not including release dates, in MS1 and MS2, 58.4% and 59.1% of attempts respectively (with a
minimum interval of 1 h) were made after evening civil twilight (time at which the sun is 6 degrees
below the horizon) and before morning civil twilight times for the locality. Lamprey attempts were
made particularly during late afternoon and early evening, when transition from light to dark conditions

is (close to be) completed during late autumn and winter, for both seasons (Figure 4.14).
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Figure 4.14: Diel passage attempt frequency by individual lamprey in MS1 (left) and MS2 (right), excluding release dates.
Numbers of attempts integrated per hour are represented by radii on a linear scale. Data employ a > 1 hour interval filter
between successive attempts for the same individual. Total number of attempts in MS1 and MS2 is n = 3128 and n = 1193,

respectively.

4.3.6 Acoustic telemetry of lamprey approaching the weir

In MS1 all 31 double-tagged (PIT and acoustic) river lamprey were logged at the first acoustic receiver
upstream of the release site. Twenty nine (93.5%) lamprey visited the weir, and 20 (64.5% of total) did
so within 3 h of release. Although 93.5% of acoustic-tagged lamprey visited the weir vicinity, fewer
(23, 74.2%) visited the SAB pass and none ascended it. Four of 29 (13.8%) acoustic tagged lamprey
that visited the weir vicinity were detected at acoustic receivers upstream of the weir; none subsequently
returned downstream. Water levels in MS1 (31 Oct 2013 - 26 Feb 2014) were not high enough to
overtop banks at the weir and create extra spillways around the weir (occurs at <Qz).These four lamprey
are therefore interpreted to have traversed the main channel weir, since none were detected in the
adjoining canal, the only other route (by virtue of the pipe connecting the canal to the river upstream of
the weir). The four successful lamprey passed at flows of 13.8 m3s™ (Qu4), 18.8 m®s™ (Qy), 34.3 m®s™
(Q10), during which tailwater levels were elevated, but the weir was not fully drowned, and 43.9 m*s™

(Qs), at which the weir was nearly drowned (J. Tummers, pers. 0bs.).
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Acoustic-tagged river lamprey showed a strong motivation to swim upstream initially post-
release. Differences in time between first detections and last detections of 23 lamprey which were
detected at both receivers 4 and 6, as lamprey moved progressively upstream, were used to calculate
movement speed (Figure 4.15). Since this occurred over several tens of minutes, it is reflective of
sustained or cruising swimming behaviour. Eight out of 31 acoustic tagged lamprey did not show a
similar progressive upstream movement directly after release and were excluded from these analyses.
When calculated in body lengths s* (BL s™), mean net swimming speed (‘over ground’), which does
not take account of water velocity, was 0.340 BL s™ (Figure 4.15). Empirical water velocity
measurements (n = 60) taken at ca. Qso throughout the reach between receivers 4 and 6 at three depths
(10%, 30% and 60% of depth) and three positions across the river, identified a mean water velocity of
0.374 m s}, resulting in a mean absolute swim speed of 1.30 BL s (Figure 4.15), assuming that the

water velocity encountered by upstream-swimming lamprey was that measured.
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lines.
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4.4 Discussion

European river lamprey did not effectively use the Larinier SAB fish pass at Buttercrambe, a design
widely used in Europe at low-head structures often with the aim of passing a wide range of fish species
(Larinier et al., 2002; Armstrong et al., 2010), nor was their passage facilitated effectively by the elver
pass. The unmodified SAB pass exhibited similar attractiveness and low passage efficiency to that
found by Foulds and Lucas (2013) for river lamprey at pool and weir and Denil passes on the same
river, using similar methods. The Larinier pass exhibited relatively high minimum attraction efficiency
(90.3%), about eight times greater than for the elver pass (11.1%), although the latter was measured
over a more restricted time period (52% of MS1 and not during MS2). The high attraction efficiency of
the Larinier SAB, compared to the elver pass is expected since adult river lamprey are strongly
positively rheotactic and the attraction flow from the elver pass is a tiny fraction (about 0.017%) of that
of the Larinier pass, although the elver pass was not constructed for aiding river lamprey in their
passage over Buttercrambe weir. A forty times higher passage rate was observed for double-tagged
(acoustic and PIT) lampreys (albeit small sample size) at the weir itself than through the SAB fishway,
even though the weir was never fully drowned. Attraction efficiency at the Larinier SAB pass was high
in both MS1 and MS2 (90.1% and 85.8%, respectively) and numerous ascent attempts were made at the
fishway (mean attempt frequency per individual lamprey of 11.4 and 7.3 in MS1 and MS2) under a
broad range of flow conditions. Reported attraction efficiency in this study is a minimum, since it is
possible that some PIT tagged fish lingering at the downstream antenna blocked detection of others
(Cooke et al., 2012), and also because some tagged lamprey are likely to have been predated before
visiting the fish pass. The majority of tagged lamprey had located the SAB fish pass within 24 h of
release (50.2% in MS1, 62.1% in MS2), indicating strong motivation to pass. This suggests that some

element of the unmodified SAB greatly inhibited lamprey ascent, but not their attraction to the pass.
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4.4.1 Effect of flow velocity on passage success

The most obvious candidate factor inhibiting lamprey ascent in the unmodified SAB pass would be
excessive flow velocity, exceeding the swimming capabilities of river lamprey. Modelled average
velocity (Larinier et al., 2002; Armstrong et al., 2010) above the baffles for the unmodified SAB pass
varied from 1.3 m s™ at Qg to 1.8 m s™ at Qg and in excess of 2 m s™ at flows greater than Qx.
Observed burst swimming performance of river lamprey is known to be at least 2.12 m s at 12.6 °C for
an experimental undershot weir (Russon and Kemp, 2011), although 1.5 m s™ may be a more typical
value (Kemp et al., 2011). In Finnish studies this species (25-30 cm long, smaller than 35-40 cm
Humber river lamprey used in this study) has been shown to successfully ascend bristle-lined vertical
slot fish passes in Finland with maximum flow velocities of 1.4 m s (Laine et al., 1998). River
lamprey are thigmotactic and bed- and edge-orientated during passage of obstructions (Kemp et al.,
2011), and like other lamprey species are effective at utilising slower areas (Keefer et al., 2011; Moser
et al., 2015), including boundary layer regions (M. Lucas, pers. comm.). Empirical measurements of
flow velocity at Qgs demonstrated three- to four-fold regional variations in water velocity horizontally
across the fish pass (Figure 4.7). Highest values of flow velocity occurred at the VV-apex regions of the
baffles, and an approximately two-fold difference in water velocity was measured between depths of 5
cm and 25 cm above the baffles (Figure 4.7). Therefore, at higher river flows with a modelled above-
baffle velocity estimate of 1.8 m s™, one would still expect regional velocities to be well within limits
exploitable by river lamprey. Undoubtedly the distance of the high-velocity zone to be traversed in the
Buttercrambe SAB fish pass (9.8 m to crest) is more than the values of 1 - 2 m in laboratory swimming
performance studies (Kemp et al., 2011; Russon and Kemp, 2011). However, like other lamprey
species, river lamprey commonly use a “burst-attach-rest” mode of locomotion, enabling partial
recovery between burst swimming bouts as observed for sea lamprey (Quintella et al., 2004), and this

might be expected to facilitate SAB passage by river lamprey.
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4.4.2 Effects of baffles and turbulence on passage success

A more likely reason for river lamprey failing to ascend the unmodified SAB fishway relates to the bed-
mounted baffle plates. Slowing of mean water velocity in SAB passes is achieved by the baffles
creating helical currents that dissipate energy (Larinier et al., 2002). Inevitably this generates a large
amount of turbulence above and between the baffles. Keefer et al. (2010) demonstrated Pacific lamprey
to have major difficulties in the transition from stationary attachment to resuming upstream movement
under turbulent conditions at bulkhead challenges. The majority of lamprey failed in re-attaching and
consequently were swept downstream. Identical difficulties have been observed for river lamprey within
a Denil baffle fish pass (W. Foulds, pers. comm.). Vowles (2012) found no effect of local turbulence on
passage success of river lamprey in laboratory studies, although his experimental design examined
simplified localised turbulence generated by a single cylinder, unlike in a baffle fishway. For river
lamprey, with an anguilliform body morphology lacking paired fins that facilitate stability (Liao, 2007),
the cumulative effect of attempting to traverse the 24 rows of baffles present in the Larinier fish pass
evaluated in the present study is therefore likely to be considerable. Such conditions may strongly
inhibit continued upstream progression (performance) or might stimulate lamprey to give up, move
downstream and seek an alternative route (volitional behaviour). Furthermore, bed-mounted baffles
might inhibit the natural thigmotactic, bed-orientated upstream movement behaviour of lampreys and
cause rejection of this environment. In this study, baffle units were approximately 40 cm apart
(marginally greater than the mean river lamprey length as measured in the study) and 15 cm high,
common dimensions in SAB passes. A typical river lamprey passing a baffle and moving to the bed to
attach using its oral disc, part-way between adjacent baffles, could therefore trail its tail over the
downstream baffle or be bent within the baffle unit. In either case they are subject to helical turbulent
flow, which potentially causes rejection of the local environment and downstream movement.
Observation in situ at the SAB fishway was not possible because of low visibility (Secchi depth ca. 0.05
- 0.50 m during the study) and entrained air. Determination of which of these factors is responsible for

failure of lamprey to ascend the unmodified SAB requires experimental flume studies. Determining the
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reason why river lamprey reject SAB baffles has wider relevance as it might apply to other lamprey
species including landlocked sea lamprey in the Laurentian Great Lakes region. In that region, provision
of selective barriers that prevent sea lamprey passage (which are non-native invasive pests in that

region), but allow passage of other migrating fish is a key objective (Pratt et al., 2009).

4.4.3 Factors influencing migration activity of river lamprey

Like other lampreys, adult European river lamprey likely use a combination of cues to guide their
spawning migration (Moser et al., 2015). Adult river lamprey are sensitive to putative pheromones
released by freshwater larval river lamprey (Gaudron and Lucas, 2006), and this likely plays a role in
their upstream migration in a manner similar for sea lamprey (Wagner et al., 2009; Vrieze et al., 2010,
2011). It is also well documented that river lamprey exhibit positive rheotaxis, moving upstream against
the river current, whereby migratory activity is positively correlated with river discharge (Masters et al.,
2006; Foulds and Lucas, 2013; Aronsuu et al., 2015). In the present study, the frequency of passage
attempts and number of lamprey recorded at the SAB pass was positively correlated with river flow, but
only weakly in MS1 when early autumn flows were unusually low, and strong attraction to the fishway
occurred even during low flows. During high flow events, peaks in detections at the fish pass were
logged in both years. River lamprey are regarded as negatively phototactic during their spawning
migration (Sj6berg, 1980), but this study and that of Foulds and Lucas (2013) suggest a much wider
range of activity than typified by the nocturnal behaviour of lampreys. River lamprey swim close to the
river bed, where flow velocities are lower (Lucas et al., 2009; Kemp et al., 2011). As water levels rise,
light penetration to the river bed is decreased because of higher turbidity and increased water depth
(Aronsuu et al., 2015), and risk of predation is likely to be lower, which may partly explain increased
migratory activity, including by day, during elevated water levels.

Fish swimming capacity typically decreases with lower water temperature below the thermal
optimum (Wardle, 1980; Videler, 1993). Higher water temperatures, below the thermal optimum,

enhance recovery from exhaustive exercise (Wilkie et al., 1997) and increase the potential for aerobic
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activity used for sustained swimming (Goolish, 1989; Videler, 1993). In the current study, no effect of
water temperature alone (mean + SD during MS1 5.6 + 0.9 °C; MS2 5.0 + 1.9 °C) was found on the rate
of passage attempts. PCA identified water temperature and difference in water temperature with the day
before to contribute strongly to the two most important components for explaining attempt rates of
tagged lamprey, although explanatory power of the different principal components was limited. Swim
speed analyses done during MS1 showed sustained, but rapid upstream movement of twenty three
acoustic-tagged lamprey after release at a mean net swim speed (‘over ground’) of 0.13 m s™ during
their initial post-release movement. With recognition of the average current velocity through the study
reach, a mean absolute swim speed of 0.51 m s, equating to ca. 1.3 BL s, was calculated. This is a
realistic estimate of the likely cruising speed of river lamprey and is probably close to the maximum
sustained swimming speed, given the anguilliform swimming mode of this species. Aerobic swimming
can theoretically be sustained continuously, unlike the anaerobic component which may be required for
river lamprey to pass an obstacle, but may have a detrimental effect on their inclusive fitness, such as
depletion of energy reserves, physiological dysfunction and possibly mortality (Wood et al., 1983).
Aronsuu et al. (2015) identified Finnish autumn-migrating river lamprey to be thermotactic, in that
increased activity was triggered by a quick, relatively large decrease in water temperature, but as
temperatures fell close to freezing they became stationary in winter holding-habitat. Results from this
study show that lamprey were inactive and rarely attempting to use the fish pass during relatively low
water temperatures (ca. 2 °C) at the end of MS2, when river lamprey upstream migration activity in the
UK has usually ceased anyway, although a smaller peak may occur soon before spawning (B. Morland,
D. Bubb, M. Lucas, pers. comm.). Other studies have shown water temperature to have important
implications for fish passage; adult Atlantic salmon (Salmo salar) had major difficulty ascending a fish
ladder in a Scottish river when water temperature was below 8.5 °C (Gowans et al., 1999), and
Rustadbakken et al. (2004) found that a weir in Norway formed an obstruction to upstream migrating

adult brown trout at ca. 6 °C, but at ca. 8 °C free passage was recorded.
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4.4.4 Routes of passage

Understanding how river lamprey passed the Crump weir directly in this study deserves consideration,
since typical flow velocity would be expected to be in the region of 3 m s for this type and size of
structure (Beach, 1984), beyond the burst-swimming performance of river lamprey (Russon and Kemp,
2011). River lamprey are known to pass drowned weirs (Lucas et al., 2009), but for only one of four
acoustic tagged lamprey passing the weir in this study was the weir almost drowned, not in the other
three. No alternative routes other than the weir fishway and pipe from the canal, all of which were fully
instrumented with receivers over the full study periods, were available. Since otter Lutra lutra, grey
heron Ardea cinerea and goosander Mergus merganser have been observed at the site it is possible, but
very unlikely, that one or more acoustic tags could have been ingested by a terrestrial predator which
then moved upstream. Otter do not ingest whole lamprey prey (M. Lucas, pers. comm.), and several tags
used in this study were found on the left bank at an otter feeding site, 10 m downstream of the weir (J.
Tummers, pers. obs.). Grey heron and goosander have been observed very infrequently in the deep
water immediately upstream of the weir, compared to the shallower area downstream (J. Tummers,
pers. obs.). In an experimental flume, river lamprey failed to pass a Crump weir with a maximum mean
velocity at the weir face of 2.30 m s™ (Russon et al., 2011), although those experiments employed much
lower water depths at the weir face than occurred at Buttercrambe. Therefore, it is likely that lamprey
negotiated the weir by searching for lower-velocity edge areas or crevices before passing it (see also
Kemp et al., 2011). Since the weir is in a good state of repair, the most likely route was at the junction
between the wing-wall and weir-face, since lamprey have been observed accumulating immediately

downstream of that locality during lower-flow, clear-water conditions (J. Tummers, pers. obs.).

4.4.5 Consequences of unsuccessful passage

For Pacific lamprey, it has been shown that high energetic costs during migration (e.g. frequent attempts
at a fish pass) may impact the individual’s fitness, likely compromising both behavioural and
physiological processes crucial for sexual maturation and successful spawning (Mesa et al., 2003). This
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is especially problematic for lampreys, including river lamprey, as their gut degenerates and feeding
(i.e. energy intake) ceases when adult lamprey enter freshwater for their upstream migration (Lucas and
Baras, 2001; Moser et al., 2015). They have a fixed energy reserve and are semelparous; individuals
unable to locate suitable spawning grounds have zero fitness. Foulds and Lucas (2013) also recorded
high rates of attempts by river lamprey to ascend fish passes. While adoption of “burst-attach-rest”
locomotion might delay exhaustion during ascent attempts, full recovery by staying attached to solid
substrate (e.g. boulder, concrete) for a prolonged time is unlikely. In electromyogram telemetered sea
lamprey negotiating rock weirs, an increasing onset of fatigue was recorded after each burst movement,
likely resulting from resuming burst swimming without fully recovering physiologically from preceding
efforts (Quintella et al., 2004).

Low efficacy of the SAB fishway on river lamprey is also reflected in migration delay, shown in
this study to be considerable for both spawning seasons (mean minimum delay days for individual
lamprey was 32.8 and 16.5 days for MS1 and MS2). These migration delays below the weir are
underestimates, as a large proportion of lamprey not recorded as passing upstream may be regarded as
being delayed for the entire study period rather than the period between first and last detection, as used
in this study. A delay in migration can increase physiological stress, susceptibility to disease (Loge et
al., 2005) and risk of predation (Rieman et al., 1991; Peake et al., 1997). Predation of lamprey due to
otter occurred during this study, as lamprey mortalities together with loose PIT tags, an acoustic
transmitter, and otter spraints were located below Buttercrambe weir. Furthermore, piscivorous birds
such as grey heron and goosander have been observed catching river lamprey (J. Tummers, pers. 0bs.),
and northern pike Esox lucius, known to predate river lamprey, are abundant at the weirpool (J.
Tummers, unpublished data). Lucas and Baras (2001) argue that to achieve effective reconnection of
fragmented river sections for diadromous species requires a minimum passage efficiency of 90% per
site, because of cumulative losses at successive obstacles. Access to spawning habitat for river lamprey
on the lower Derwent is poor; Lucas et al. (2009) reported 98% of lamprey spawning habitat on the

lower Derwent occurred upstream of Buttercrambe weir, where on average only 1.8% of lamprey

241



spawners occurred. Based on results of the current study, river lamprey in the lower Derwent are
severely affected in their spawning migration, and consequently probably also in their fitness. Decreases
in genetic diversity from downstream towards upstream populations of lamprey in fragmented reaches
(Bracken et al., 2015) may impact population persistence. Physical isolation of an upstream lamprey
population from downstream ones may lead to allopatric speciation (Yamazaki and Goto, 2000), which

accelerates genetic divergence.

4.4.6 Effects of modification of the SAB fish pass and alternative solutions

Modification of the SAB fish pass with wall-mounted tiles increased passage efficiency by over 20-fold,
from 0.3% to 7.1%. Passage efficiency for the unmodified and modified fish pass was calculated from a
low sample size of successful traversers (n = 1 during MS1, n = 12 for MS2). Although this gives a
clear message on the effectiveness of the pass (since attraction efficiency (and number of lamprey
released) was high and motivation to migrate upstream was strong), inferences drawn from results
(including route of passage) would have had a stronger basis if a larger number of ascents had
happened. The increased passage efficiency following modification is promising, but is still well below
the 90% efficiency target that Lucas and Baras (2001) suggest is appropriate for effective rehabilitation
of migrant fish populations in rivers. Reduced local flow velocity in combination with increased
availability of resting habitat within the tiles may have facilitated increased passage. Two of the
vertically aligned lamprey tiles were found to be missing on 18 December 2014 (both located just above
the downstream instrumented tile), likely due to debris damaging the brackets in which the tiles were
fitted. Passage efficiency for the whole study period in MS2 was 12/169 (7.1%), and before tiles were
missing it was 12/151 (7.9%). This date was 52 days into the 2014 - 2015 study period (out of 122 days
(42.6%)), although detections at the main fishway entrance show that in MS1 and MS2 little migratory
activity occurred in January and February anyway. During the second period the tile route was
discontinuous and although lamprey could enter the tiles at the bottom, its efficacy was likely

compromised. Indeed, no more lamprey were detected at either of the antennas located at the upstream
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exit of the fish pass after 18 Dec 2014. Thus, lamprey only ascended the fish pass in MS2 when tiles
were in a continuous arrangement and all successful lamprey traversed the fish pass by using the tile-
route. Increasingly, studded tiles are being installed on the downstream face of sloping weirs, an
approach which has been laboratory-tested successfully for eel elvers (Vowles et al., 2015) and for river
lamprey in the laboratory (A. Vowles, pers. comm.) with quite encouraging results. Similar results were
found during trials with these tiles for sea lamprey, on the River Mulkear, Ireland (R. Conchuir, pers.
comm.) and in the laboratory (U. Reinhardt, pers. comm.), although on the Mulkear, the tiles have
repeatedly been damaged and dislodged during floods. There is therefore a pressing need to carry out
well-planned, quantitative trials of the efficacy of studded tiles mounted on sloping weir faces, and
combination fish passes (as here) under field conditions. Bristle elver passes are unlikely to be effective
for passing river lamprey, since the PIT telemetry studies in MS1 at Buttercrambe have demonstrated
low entry rates and zero passage..

If elver passes, and unmodified and tile-modified Larinier SAB passes offer inadequate passage
for river lamprey, what other fishway options are available? Nature-like and low-gradient vertical slot
fish passes are more appropriate for providing passage for a range of riverine taxa, including lampreys
(Rodriguez et al., 2006; Pratt et al., 2009; Noonan et al., 2012). In Germany, on the River Elbe, 88% of
PIT tagged river lamprey “used” (believed to mean, entered) a double slot vertical fish pass with 0.10 m
drops between 9 m long basins at a 1% slope, though the passage efficiency was not stated (Adam,
2012). However, the Elbe fish pass was extremely costly to build, and required more space than baffle
fishways. For a low-head weir such as at Buttercrambe, vertical slot designs cost typically about four to
five times as much as baffle fishway designs (Armstrong et al., 2010). Keefer et al. (2010)
demonstrated that for Pacific lamprey, passage duration can be reduced and success rate can be
increased, especially under high flow regimes, by removing or modifying vertical steps and other sharp-
edged corners and by providing adequate attachment surfaces. Radio telemetry by Aronsuu et al. (2015)
identified a passage efficiency of 100% (n = 10) of river lamprey through a nature-like fish ramp at a

low-head weir, while none of these lamprey passed a SAB pass, located at the same site. High passage
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efficiencies through low to moderate gradient nature-like or rock-ramp fish passes can likely be
explained by the abundance of sites suitable for oral disc attachment and heterogeneous hydrodynamics,
facilitating their use by so lamprey. However, Bunt et al. (2012) documented the frequent occurrence of
poor attraction efficiencies of nature-like fish passes because of low attraction flow or unsuitable siting
of the fish pass. As with all fish passes, careful attention to site selection improves both fish attraction
and passage.

Although the Larinier SAB fish pass has become a highly favoured, multi-species, technical fish
pass in Europe, especially in the UK (Armstrong et al., 2010) and in France (Larinier et al., 2002), its
efficacy for river lamprey was shown to be low. While the preferred method for tackling river reach
fragmentation is removal of the obstruction (Kemp and O’Hanley, 2010), realistically this is often not
an option. As fish pass construction is costly, it is crucial that fish pass designs are considered and
tested extensively for criteria that produce a highly functional fish pass in terms of attraction, entry and
passage, with a minimal period of delay and without fitness impacts (Castro-Santos et al., 2009; Cooke
and Hinch, 2013). This is especially important when targeting listed species at designated protected
areas (e.g. SACs), as in the case of European river lamprey, but well-informed decisions should be
made on the basis of a wide range of species. Use of studded tiles at some types of structure may
provide suitable passage for young eels (Vowles et al., 2015) and, perhaps, lampreys, but careful field
experiments are required and it is likely that tile design will have to be optimised for each species and
body size. In order to restore river connectivity for fishes in impounded reaches, it is imperative that
further quantitative evidence of the effectiveness of fish pass designs and relevant modifications are

scientifically acquired under field as well as laboratory conditions.
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V

General discussion

5.1 Summary of outcomes in relation to aims

This thesis aimed to investigate the impacts of anthropogenic in-stream and in-river structures on fish
communities and to evaluate the effectiveness of fish pass solutions (and, in some cases, obstacle
removal) in order to restore longitudinal connectivity for fishes in impacted river systems. Where
possible, conditions prior to and following obstacle removal or modification were included in a field
based approach and several relatively common and more specialist fish pass types were evaluated for
attraction as well as passage efficiency. This thesis started with a field survey of fish community
composition and fish species densities directly above and below a range of in-stream structures located
on several fragmented stream networks, in order to gain insight into effects of river habitat
fragmentation (Chapter 2). In Chapter 3, several common types of in-stream structures were evaluated
for their impact on free fish movement and, using a BACI approach, the effectiveness of restoring
longitudinal connectivity within a fragmented stream system was analysed. A more specialist fish pass
was investigated in Chapter 4, which was designed to facilitate upstream fish passage over a common
type of low-head weir, for a wide range of fishes including river lamprey (the subject of the study).
Together, these chapters provide insight on the impacts of anthropogenic riverine structures on dispersal
and migration by fish species with contrasting swimming capacities and ecology, and on the
effectiveness of longitudinal connectivity restoration, thereby aiding river managers in alleviating river
habitat fragmentation and developing effective management plans.

Effects of low-head weirs and other small anthropogenic in-stream structures on fish movement
have been reported (e.g. Alexandre and Almeida, 2010; Ovidio and Philippart, 2002), though most
research has been directed to high-head barriers such as dams (as reviewed in Noonan et al., 2012).
Small obstacles may also hinder free fish movement and limit dispersal and migration especially when
multiple small obstacles are situated in close proximity. It has been reported that weir height is not a
reliable indicator for how difficult it is for fish to pass over it: low weirs can potentially be just as hard
to pass as high-headed dams dependent on the water flow characteristics, water temperature and fish
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size, age and body form (Warren and Pardew, 1998; Larinier, 2001; De Leaniz, 2008). Although fish
passage facilities have been built predominantly on the main stems of large rivers, often tributaries of
main rivers form important spawning and nursery grounds rather than the main stems of large rivers
(Ovidio and Philippart, 2002). Small streams, often fragmenteded by the presence of low-head
structures, may respond rapidly to high rainfall events, resulting in scouring effects displacing fish
downstream. Obstacles may then prevent or limit upstream passage and/or recolonization (Harvey,
1987; Stock and Schlosser, 1991). Small cross-stream structures may also isolate fish populations
(Morita and Yokota, 2002; Meldgaard et al., 2003). Impacts of small structures, which could contribute
greatly to river habitat fragmentation, have not received appropriate attention (Marmulla and Ingendahl,
1996; Ovidio et al., 1996; Croze and Larinier, 2000). Furthermore, the impact of small obstacles on fish
community structure, rather than a select few fish species, remain scarce and have been carried out
mainly in France and the USA (Cumming, 2004; Tiemann et al., 2004; Gillette et al., 2005; Poulet,
2007). This lack of knowledge needs to be improved in order to develop effective restoration plans for
fragmented stream networks, as outlined by the Water Framework Directive (WFD, 2016; see Section
1.4). The extent to which common in-stream structures of different types form obstacles to fish passage
and free fish movement have been assessed (Chapter 2). The main outcome was that elongated culverts,
especially pipe culverts, contributed to changes in the fish assembly more than other types of structures.
Fish community composition upstream and downstream of bridge-type structures, including box bridges
and arched bridges, was more similar. Chapter 2 also illustrates the synergistic nature of impacts such as
poor connectivity, pollution episodes and poor habitat on stream fish populations; periodic or persistent
anthropogenic impacts on local fish populations in localities may become long term when dispersal and
migration from population sources are compromised.

If a structure has been identified as a complete, partial or temporal barrier to fish movement,
removal of the respective barrier should be prioritised over barrier modification (Kemp and O’Hanley,
2010; King et al., 2016), and such an approach is increasingly seen as a viable option for sustainable

watershed management (Bednarek, 2001; Roni et al., 2002; Bernhardt et al., 2005; O’Hanley, 2011).
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Where barrier removal is not feasible, technical or nature-like fish passes may be designed to facilitate
upstream and downstream fish passage. Fish passes, aimed at mitigating river habitat fragmentation
effects of barriers, often do not function effectively for a range of fish species - not just strong
swimmers such as most salmonids - or are not even scientifically evaluated following costly design and
implementation (Kemp and O’Hanley, 2010). Increasingly, research is undertaken that evaluates the
effectiveness of fish passes (as reviewed by Bunt et al., 2012) for a wide range of fish species (as
reviewed by Roscoe and Hinch, 2010). Yet there remains a gap in the knowledge base of how effective
different types of fish passes are for a wide range of fish species, including different life stages. The
evaluation of different restoration measures (obstacle removal, design of several types of nature-like
fishways), as addressed in Chapter 3 (Tummers et al., 2016a; see Appendix 11), aimed to contribute to a
better understanding of how effective common types of fishways are for a variety of fish species and
life stages. It was shown that for structures identified on the River Deerness, obstacle
removal/modification resulted in increased upstream fish passage (and in increased passage in
downstream direction for some structures). European bullhead was included in the approach, to extend
the connectivity restoration evaluation beyond a strong swimmer (brown trout). Valuable information
on a weak swimmer, without jumping capacity, was thus incorporated into connectivity restoration
evaluation. This is not accounted for regularly in river restoration ecology, but is crucial if restoration of
whole fish communities is to be achieved.

Ideally, fish passes should be effective in facilitating obstacle traverses for all fish species
present. Where certain fishes are protected and with a goal of restoring river habitat connectivity, it is
important to accommodate the needs of those species, with special attention paid to their swimming
capacity and migratory behaviour. On the lower River Derwent, a Special Area of Conservation for
river lamprey, a technical fish pass was designed next to a Crump weir, a common design of weir for
gauging river flows. The pass was designed with the intention and expectation of facilitating upstream
passage for a wide variety of fish species including river lamprey, under varying flow conditions.

Experimental laboratory studies have been undertaken on the ability of upstream migrant adult river
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lamprey to overcome weirs under variable environmental conditions (Kemp et al., 2011). European
eels, similar to river lamprey in locomotion, were tested for their ability to overcome a Crump weir,
with a head much lower than typical in rivers, using an eel/lamprey pass comprising vertically oriented
studded tiles, and without such tiles (Vowles et al., 2015). Also, the efficacy of a vertically oriented
bristle pass to facilitate upstream passage for eels and river lamprey was evaluated, again at an
experimental low-head Crump weir (Kerr et al., 2015). Those studies showed tiles and bristle substrate
to potentially be a cost-effective solution for mitigating impacts of anthropogenic obstacles to juvenile
eel migration. However, there is a paucity of information on the effectiveness of fish passes for most
non-salmonids, including river lamprey, using a field-based approach. The Larinier super active baffle
fish pass, evaluated in situ for river lamprey in this thesis, was shown to not work effectively for river
lamprey under a range of flow conditions, with and without modification with wall-mounted studded

tiles (Chapter 4; Tummers et al., 2016b; see Appendix I11).

5.2 Justification and limitations of methodologies used

Throughout this thesis, the impacts of anthropogenic structures and the effectiveness of longitudinal
connectivity restoration on fish dispersal and migration have been evaluated using a variety of fish
sampling procedures and tagging methods.

In Chapter 2 the impacts of small obstacles on fish community composition (i.e. species richness
and species density), was examined using a depletion electric fishing approach. Although the majority
of studies on the effects of river habitat fragmentation on freshwater fish species have focused on key
migratory species such as salmonids, more recently, whole community approaches have been
recognised (e.g. Gehrke et al., 2002; Gillette et al., 2005; Poulet, 2007). Removal or mitigation of in-
stream obstacles may lead to new interspecies interactions (although these may also occur due to local
introductions in fragmented watercourses, or where invasive species with strong dispersal abilities are
present). This becomes apparent at the community level when fish species are able to enter previously

unreachable habitat, which is not considered in single species approaches. These interspecies relations
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may play a key role in the structure of the resulting fish community (Evans et al., 1987; Gehrke and
Harris, 2000). For example, Gehrke et al. (2002) observed seven types of impact from the physical
presence of a major dam in the Shoalhaven River system, located in New South Wales, Australia. These
included: 1) altered species diversity upstream of the dam as a result of local extinction of migratory
species and density differences of remaining species; Il) separation of fish communities between lentic,
lacustrine habitat within the impounded area and lotic conditions further upstream; 111) separation of
fish communities downstream and upstream of the dam; IV) divergence of fish populations living in
habitat above and below the dam; V) introduction of non-indigenous species; V1) an increase in fish
density directly downstream of the dam; VII) modifications to the fish community composition
downstream of the obstacle. As such, if impacts of in-stream structures are to be evaluated, the whole
fish community has to be accounted for, using a quantitative approach.

Habitat alterations at a local scale, due to obstacle construction often cause changes in the local
fish community composition. Removal of such obstacles and habitat restoration aims to remove these
impacts, with the aim of returning the community towards its original more natural state (e.g. Jungwirth
et al., 2000). In the approach used for Chapter 2, habitat was surveyed downstream and upstream of
structures and at reference sites. A depletion electric fishing survey was conducted at each site, whereby
stop nets were used to prevent fish entering or leaving the delimited survey section. At least three passes
were conducted per survey, rather than single pass (as is common in much fish community surveying,
including for example, the Environment Agency’s evaluation of the fish biological quality element for
WEFD classification (see Section 1.4)), thereby obtaining progressive depletion of the local fish
community and allowing for accurate fish population estimates and density calculations (Carle and
Strub, 1978). Surveying was done in sections directly downstream and upstream of structures in
principal, as obstacle effects on habitat and thus on fish community composition were assumed to be
greatest there. Only if a representative variety of mesohabitats was absent in those sections - so that
absence of a fish species could not be explained by an obstacle effect, but more likely due to habitat

availability - was electric fishing undertaken in sections as close to the structure as possible where
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habitat was more heterogeneous. These spatial differences in survey sections relative to structures may
have influenced results, which would have benefitted from standardization of this survey section-
structure distance if habitat conditions were suitable. On the other hand, impacts from structures on the
local fish community (e.g. accumulation of dispersers / migratory fishes directly below structures with
low permeability) may potentially not become clear if sections are surveyed further away from the
structure. This study used a one-off survey approach, thereby not accounting for seasonal variety in fish
community structure (e.g. Pires et al., 1999) or variety over multiple years (e.g. Moerke and Lamberti,
2003). Since fish communities are sensitive to stochastic environmental events (Strange et al., 1992), a
multi-year study design with repeated surveys focused on the same structures, would have been
beneficial for this study. Although no techniques were used which allow for individual or group-specific
identification (e.g. PIT and VIE tagging), the approach is often used to examine fish assemblages based
on fish species abundance, for example by the Environment Agency (Beaumont et al., 2002). Electric
fishing approaches may induce bias in fish abundance data, due to the varying difficulty of sampling
different fish species. Fish with swim bladders may respond differently to electric fishing than those
without. Similarly, benthic-oriented fish may be more difficult to catch once stunned than fish normally
located nearer the surface, while some fish species may exhibit sheltering behaviour more quickly than
others (J. Tummers, pers. obs.). Electric fishing sampling success is furthermore subject to habitat
conditions (including stream bed), weather (flow) conditions, light intensity and temperature. While
other methodologies for fish surveys exist, such as netting, snorkelling and bankside observation
(Beaumont, 2016), electric fishing generally produces more reliable results with higher catch efficiency
in streams (Bohlin et al., 1989; Heggenes, 1990; Hayes and Baird, 1994; Growns et al., 1996; Pugh and
Schramm, 1998; Oliveira et al., 2014).

In Chapter 3 the effectiveness of restoring longitudinal connectivity for fish was evaluated, using
a multi-method approach. Where possible, a BACI approach was used to study the extent to which
obstacle modification/removal had an effect on free fish movement and fish community composition

directly above and below each site. Obstacle modification works at S8, a headwater site, started shortly
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after this PhD project commenced. Survey data for the fish community was still obtained at this site, in
early autumn instead of summer surveys undertaken at other sites. At five of the remaining seven
structures, a capture-mark-recapture approach was used before and after restoration, while two were left
as control structures. At S6, connectivity restoration works finished 10 days before the final recapture
session was performed in summer 2014. As such, the local fish community may potentially still have
been disrupted from obstacle removal works at the time of the final survey session. While effort was
made to standardize interval-time between successive capture/recapture surveys for each of the eight
sites on the Deerness, some variation still existed. In such a study, connectivity restoration at all
treatment sites should ideally be undertaken simultaneously to control for variations in the timing of
ecological responses to the intervention and to different environmental conditions. Interval-time
between successive capture/recapture surveys should be standardized for all sites to control for
ecological responses to environmental conditions and spatiotemporal responses of the fish population to
restoration work. However, most river restoration programmes receive phased funding, and restoration
work is realized following numerous preparations including regulatory permissions, contractor
availability, (construction) designs and landowner permissions. Temporal variation between successive
(re)capture surveys is difficult to minimize, as survey sessions are dictated primarily by weather
conditions (which influences water clarity, important for electric fishing effectiveness), but also by
availability of multiple researchers (2-3), landowner permissions and logistic reasons. Therefore timing
of activities - connectivity restoration works and interval-time between successive capture/recapture
surveys - may not always be controlled for, but as much effort as was realistically possible was made
for the BACI approach used. While the study showed positive outcomes of the effectiveness of
connectivity restoration for fish, an additional limitation of the study was the low sample size of both
treatment (n = 6) and control (n = 2) sites. Differences in empirical data of habitat conditions and fish
movement will have been produced as a result of local site variation, a problem which is often
countered by increasing the number of replicates (Sokal and Rohlf, 1981; Wisz et al., 2008). However,

such a solution was not available here because a) no further obstacles were present on the respective
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stream (Deerness), b) logistic difficulties of increased replication of survey sites for a small team
(usually two to three personnel, lead by one researcher (J. Tummers)) and c) non-sufficient funding
available during the current study to increase restoration works for additional obstacles.

Habitat conditions in the reaches surveyed were similar between the unrestored control sites and
restored treatment sites on the Deerness, so that effects of different types and dimensions of obstacles
on fish dispersal and migration could be assessed and compared against effects of control sites.
Depletion fishing for fish community composition determined species richness in the River Deerness to
be relatively low, consisting mainly of brown trout, Eurasian minnow and European bullhead. For
capture-mark-recapture, only trout and bullhead were included. While tagging methods used during the
CMR campaigns in 2013 and 2014 were non-disruptive for trout and bullhead, minnow and stone loach
were found to be vulnerable to both PIT and VIE tagging. Although minnow was, in general, more
abundant than bullhead, only trout and bullhead were selected as species to tag. The former species was
not included in tagging sessions, because they were found to be rather susceptible to handling, and to a
lesser degree to electric fishing. Other fish species sampled were not present at all sites in adequate
densities for tagging (stone loach, eel, grayling). Brown trout and bullhead were selected for tagging
because they represent a strong swimmer with jumping capacity (brown trout), and a weak swimmer
without such capacity (bullhead), thereby extending restoration evaluation to reflect the breadth of the
fish community. Such an approach is often still lacking in evaluations of obstacle mitigation/removal
work, whereby a bias is still exhibited towards economically important species solely, such as
salmonids (Kemp and O’Hanley, 2010).

In the current study, tagged individuals could have experienced increased mortality due to
elevated stress levels (e.g. Bonga, 1997), may have been more active and exhibited more exploratory
behaviour than untagged individuals (Archard et al., 2012), which in turn may have increased likelihood
of being predated (e.g. by otter or by grey heron, both occurring in the wider area). Predation has been
reported to be a major factor impacting recapture rates of tagged fish (Jepsen et al., 2000; Koed et al.,

2002; Pedersen et al., 2012). Tagged fish may also have emigrated out of the study area, which was
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accounted for (insofar as reasonably possible) by increasing the number of zones (and thus distance)
surveyed with every recapture session. In addition, medium- and long-term effects contributing to
higher risk of mortality, such as increased susceptibility to diseases (Maule et al., 1989), bacterial
infections and muscle necrosis (Furtbauer et al., 2015), and increased susceptibility to parasites
(Landsberg et al., 1998), could have caused poor recapture rates of VIE tagged individuals the
following summer. Nevertheless, VIE tagging is an approach regularly used for fish behaviour studies
(e.g. Jones et al., 2006; Bell and Sih, 2007; Webster and Hart, 2007; Barrett et al., 2010; Leinonen et
al., 2011; Hohn and Petrie-Hanson, 2013; King et al., 2013) and was successfully used in the present
study within a summer period, so that even small-bodied fish crucial for the ecological integrity of
stream systems could be included in the evaluation. This is crucial in studies evaluating obstacle effects
on fishes, as habitat along the full course of the water body should ideally be accessible to the whole
breadth of the fish assembly (EU, 2000; UKTAG, 2008a).

Since a capture-mark-recapture approach is subject to catch efficiency, thereby potentially
missing fish that may have successfully traversed an obstacle, a fixed PIT array, deployed to study
structure or fishway traverses (Castro-Santos et al., 1996; Baumgartner et al. 2010; Thiem et al., 2011),
has advantages. Such an array, placed at the downstream and upstream end of a structure / fishway and
spanning the whole width of the watercourse, can be accurate in logging tagged fish attempting and
succeeding in passing a structure with (close to) 100% detection efficiency. Crucial parameters of fish
passage may be calculated from loggings, including number of attempts and attempt frequency,
migration delay, attempt interval, attraction efficiency, passage efficiency and ascend or descend
duration. Fixed PIT arrays were used in Chapter 3 during displacement studies. Detection efficiency
tests of PIT antennas were done in advance of the displacement studies, and at each data download
process, as tag detection efficiencies may vary with tag size and over time (Burnett et al., 2013). While
displacement studies of brown trout with fixed automatic logging stations were executed at S2 and S8,
such stations could not be deployed at the remaining sites, or at S2 and S8 for longer time periods,

because the risk of vandalism was too high (as experienced at S1 and S8). Each of the structures studied
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are very accessible for the public, and access is even good along much of the Deerness due to foot- and
cyclepaths located within 50 m of the stream. Short duration (5-6 day) displacement studies were
executed at S2 and twice at S8, made possible by on-site presence of at least one researcher and by
frequent checks of equipment. As no power connection was available at all structures (S1-S8), PIT
equipment had to be run off leisure batteries. The PIT setup comprised two antennas, which required
frequent (daily) battery replacement, and having such a setup operational for multiple weeks or months,
in an area with high vandalism risk, would require a major time investment.

For the displacement studies only brown trout was PIT tagged and displaced from upstream to
downstream of obstacles at S2 and S8. Brown trout exhibit homing behaviour when displaced, and
although there is some evidence of bullhead returning to its territory (especially when it guards eggs;
Smyly, 1957; Mills and Mann, 1983), bullhead was not selected for displacement. It was agreed that
bullhead would not have been as motivated as much as brown trout in passing the respective obstacle
(through the fishway), as the studies were done outside of bullhead spawning season (which runs from
February to June in the UK; Fox, 1978), thereby reducing motivation to home back (Mills and Mann,
1983). Possibly, bullhead will not home back to their territory with increasing distance of displacement.
Also, dimensions and difficulty of tuning of the PIT antennas would have produced biased results when
bullhead were selected, given the restrictions of smaller tag sizes (and thus detection ranges) for
bullhead. Antenna dimensions could not be lowered, because of risk of the detection field not covering
the whole water column in case of elevated water levels, which may rise rapidly in the low-order
Deerness.

While some attention was paid in Chapter 3 to cumulative effects of obstacles on habitat
connectivity and migration of adult brown trout using radio telemetry, this should arguably have been
investigated more thoroughly. Due to logistic reasons and limited funding it was not possible to radio
track the whole length of the Deerness and Browney every tracking day. Instead, tracking was done in
reaches where trout were recorded before, increasing the tracking area on each following day. Areas in

the vicinity (ca. 200 m downstream and upstream) of obstacles were radio tracked every day. Despite
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this, the manual radio tracking does not give information on spatio-temporal behaviour, but instead
provides knowledge on the individual’s current location in time. Although an arbitrary cut-off was used
to distinguish trout currently attempting to pass an obstacle (those within 100 m below structures) from
those that did not currently attempted passage, individuals may well have tried to traverse the obstacle
but failed and moved back further downstream. They may then have resided in deep pool habitat while
waiting for elevated water levels to continue their upstream migration. Consequently, individuals that
attempted passage may not have been recorded as such, especially at sites where no deep pool habitat
was located within 100 m below the structure. The radio telemetry approach used did not allow for a
detailed study on cumulative impacts of successive obstacles, which could theoretically include
prolonged migration delay at structures further upstream, or reduced number of attempts made at those
structures compared to structures located on the lower reaches, due to increased energy expenditure by
fish from potentially traversing multiple downstream obstacles.

Two types of telemetry were used in Chapter 4 to evaluate how effective an unmodified and
modified Larinier super active baffle fish pass is for river lamprey. In addition to the PIT telemetry
system set up in the fish pass, acoustic telemetry was used in reaches downstream and upstream of the
adjacent Crump weir. Since the river section immediately below the weir consisted of aerated, turbulent
water, no acoustic receivers could be positioned there, as they require relatively calm water to operate
efficiently (Cooke et al., 2012). For the relatively deep sections of the studied river Derwent with slow
and steady flow further away from the weir, acoustic telemetry was used effectively. At the weir itself,
radio telemetry would have been able to provide insight on local exploratory behaviour and attempts to
traverse the weir. A combination of both types of telemetry has been used effectively for migrating
adult river lamprey on the Derwent (Lucas et al., 2009). For the current study, multiple radio antennas
(directional Yagi) pointed at different areas further downstream and upstream of the weir, all connected
by a multiplexer to switch between the antennas, thereby ensuring reliable loggings of detections, could
have been used. Using such an automatic listening station (ALS) would have given information about

spatio-temporal behaviour of lamprey approaching the weir and those further away. Fine detection of
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lamprey directly below the weir, in the SAB fish pass and at different areas near the weir itself could
have been possible by using stripped coaxial cables at base of the weir, firmly fixed to both sides, and in
the fish pass, which provides a local detection radius of several meters. However, such an approach was
not used because detection ranges of radio antennas for tags of suitable size for river lamprey (using
tags with whip antennas, which have higher radiated power than an internal coil tag) on the Derwent
were found to be poor before (M. Lucas, pers. comm.). Also, scanning through a large enough sample
size of pulsed-signal radio transmitters, each on a different frequency, may increase the likelihood of
missing a radio tagged fish. Coded transmitters would have been ideal, as every unique numerical code
is transmitted on the same frequency, thus decreasing the risk of missing fish, especially for a large
group of tagged fish. For the current study no coded tag scanning radio receivers were available (and
funding was limited to purchase additional - expensive - ones). Also, acoustic transmitters are cheaper
per unit and were provided by a co-author of the published article based on the study, Dr. Min-Ho Jang.

The acoustic receivers, placed at strategic locations near the weir and further downstream, were
tested to ensure good working order. Range tests performed in situ identified detection radii, which may
vary over time (as reviewed in Kessel et al., 2014), of ca. 50 m for each receiver, and mean detection
efficiency was 93%. Testing before acoustic tagged lamprey were released, and halfway through the
study period, identified that no acoustic transmitters which were located at any location below the weir
could be detected by receivers above the weir. The first upstream receiver was placed as close to the
weir as possible while not enabling it to pick up tags below the weir. While such a setup also detects a
lamprey which ascended the weir, but immediately was swept downstream again, as a successful
passage, the use of acoustic telemetry in the study allowed for studying the spatial behaviour of lamprey
in the larger area surrounding the weir. As it was not possible (with funding and equipment available for
the study) to construct a PIT telemetry array on the weir itself, valuable information on river lamprey
spatial behaviour in relation to a common type of weir (Crump design) under varying flow conditions
was still obtained. This was in addition to the principal aim of the study, which was to evaluate the

effectiveness of the original Larinier SAB fish pass and the modified variant.
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5.3 Implications for river management and future research

Connectivity restoration in rivers may only be achieved if suitable approaches are developed by river
managers and researchers to assess the impact of structural barriers on fish passage and to prioritise
restoration measures. Often the number of obstacles to fish movement in a river system far exceeds the
funding available to remove or mitigate obstacles for years or even decades to come. As such, only a
fraction of the obstacles present within a river network can potentially be mitigated. In the case of the
severely fragmented Old Durham Beck system (studied in Chapter 2), it is very unlikely that
connectivity work will be undertaken at each of the 34 structures included in the analyses, for decades
to come, not least because of the presence of a long pipe culvert running underneath one of the major
traffic roads in NE England. For some structures, especially large dams, it may require less funds to
remove the structure than to provide means to facilitate fish passage. Small, low-head obstacles cost
much less to mitigate or remove than high-head dams. For example, the combined cost of the removal
of two major (32 m and 64 m high) dams on the Elwha River, Washington, US, was 324 million US
dollar (NPS, 2016). At Buttercrambe, the total cost of pre-planning, construction and management of
the Larinier SAB fish pass was estimated at £410k (Greg McCormick, Buttercrambe project manager,
pers. comm.), design and implementation of the rock ramp on the lower Deerness (S1) required £20k of
funding while project costs for removing the multi-pipe-bridge-crossings at S4 and S5 on the Deerness
summed to £25k (Steve Hudson, pers. comm.). In the Yorkshire area, NE England (in which Chapter 4
study area is located) alone, EA has spent ca. £1.8 million on obstacle removal and fish pass projects
from April 2014 to March 2015 (EA, 2015). It becomes evident that fish pass design and obstacle
removal projects are costly, and obstacle assessment and prioritisation of mitigation or removal
measures is thus needed for effective connectivity restoration.

Procedures of obstacle prioritisation for removal or mitigation include assigning permeability
values to in-stream structures so that their impact on fish movement can be determined (Love et al.,
1999; Furniss et al., 2006), but methods used were often subjective and would have benefitted from a

more standardized developmental process. A different approach estimated permeability of common
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types of in-stream structures for specific species (e.g. Poplar-Jeffers et al., 2008), but did not take the
breadth of the fish community into account. Models created by O’Hanley et al. (2013) provided a single
obstacle permeability estimate for the whole fish assemblage which was expected to inhabit the stream.
Januchowski-Hartley et al. (2014) combined these two approaches, so that obstacle permeability could
be predicted for a range of fish species with differing swimming capacities. Such modelling frameworks
provide valuable information on the state of habitat fragmentation within a river system, and may aid
decision making in prioritizing obstacle removal and modification works (Kemp and O’Hanley, 2010).
One such analysis has suggested that obstacle mitigation should be prioritised for obstacles with low
permeability, located on mid to high order streams and which restrict access to suitable habitat for
species present in the local fish community (King et al., 2016). Such an approach was successfully
demonstrated by combining an obstacle assessment methodology with optimization modelling (King et
al., 2016), and provides a realistic working method crucial to the success of river restoration programs.
In Britain, the National Fish Passage Panel (NFPP) considers and makes recommendations to the EA
for the formal authorisation of technical fish passes. The panel’s expertise and experience in technical
fish pass designs and fish dispersal and migration is used to assist the EA (see Armstrong et al., 2010).
However, connectivity on the Deerness, studied in Chapter 3, was initially addressed by providing
passage facilities and removing obstacles, and only later was connectivity restored at the obstacles
present on the lower Deerness and the lower Browney, with which the Deerness merges. This illogical
order is not ideal for effective connectivity restoration, for which obstacles downstream of fragmented
reaches should be addressed first, rather than afterwards. With a fish pass provided at the obstacle on
the lower Browney since early 2015, long-distance migratory species may still be hindered in their
migration, because a substantial obstacle is located further downstream on the main river Wear, as
discussed in Section 2.4.5. For achieving optimal results of connectivity restoration, often limited by
funding, a thorough inventory of obstacles to fish movement present on main rivers and their tributaries
are required by river managers, and programmes should prioritise downstream obstacles before those

located further upstream.
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For programs aimed at restoring river connectivity for fish to be effective, whole fish
communities in fragmented stream and river networks should be targeted. In addition, early life stages
and small-bodied fishes should be acknowledged (Pander et al., 2013) rather than targeting a single or a
few imperilled large-bodied species (Rivinoja et al., 2001; Gowans et al., 2003; Laffaille et al., 2005;
Gough et al., 2012; Noonan et al., 2012). It is also important to not ignore the potential problem of
invasive species, which should be prevented from colonizing new habitat (Pratt et al., 2009; see Section
1.5.3.4). Important management programs for the Laurentian Great Lakes comprise barriers which
prevent invasive sea lamprey from entering the lakes (Pratt et al., 2009), which would otherwise
drastically impact on trophic relations and the biotic integrity in the lakes. Vertical slot fishways were
designed to facilitate passage for other species, such as white sucker (Catostomus commersonii) and
rock bass (Ambloplites rupestris). Sea lamprey may ascend these vertical slot fishways as well.
However, all fish species are trapped at the top of the fishway, and only sea lamprey is removed and
disposed of, while the remaining species are released upstream (Pratt et al., 2009). A different
freshwater species, the North American crustacean signal crayfish (Pacifastacus leniusculus),
introduced in Europe in the 1960s, has been reported to be limited in its upstream dispersal by a small
waterfall (drop of ca. 1 m over ca. 3 m; Bubb et al., 2006). A similar outcome of natural waterfalls and
weirs forming barriers to upstream movement of introduced crayfish was reported in southern
California streams by Kerby et al. (2005). Rosewarne et al. (2013) showed a common flow gauging
weir (15° slope, 10 m long) on the River Glem, UK, to reduce upstream movement of signal crayfish,
but downstream dispersal was not influenced by the weir. They conclude that removal or modification
of even small obstacles may increase colonization rate of this invasive species. The examples given here
encourage careful consideration of which obstacles to remove or mitigate, and the prevention of
invasive species’ dispersal should be of high concern when prioritising obstacles for mitigation or
removal.

Although Chapter 2 showed that certain common types of in-stream obstacles impact fish

community composition in sections adjacent to such structures, and further up the catchment, follow-up
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research opportunities may be to apply telemetry methods to quantitatively evaluate what impact these
structures have on fish dispersal and migration. The spatial scale on which fish are sampled could be
increased as well, so that patterns of movement and interactions between sub-populations might be
determined. If source metapopulations were present in the stream sections in between surveyed
obstacles, individuals could have dispersed from those metapopulations without the need to overcome
obstacles (Radinger and Wolter, 2015), though obstacles could still have restricted access for long-
distance dispersers and migratory species. For long-distance migratory species, genetic analysis (by
using microsatellite loci to differentiate between sub-populations) may provide insight on where
populations originate from (Ellis et al., 2011). While such an approach is scarcely used on small stream
networks (e.g. Spruell et al., 1999), researchers could determine the distance larger migratory fish have
migrated, which may contribute to explaining the wider river system fragmentation status, including the
main Wear.

In practice, fishway designs are commonly based on trial and error without extensive knowledge
on effectiveness derived from laboratory studies or in situ, and are often limited by resources, especially
until some decades ago (Agostinho et al., 2002; Calles and Greenberg, 2009; Roscoe and Hinch, 2010;
Pander et al., 2013). Increasingly, fishways are designed and evaluated, based on swimming capacities
derived from experimental laboratory studies, for example by studying fish movement under varying
flow conditions in small swim chambers or in elongated flumes (Castro-Santos, 2004; Haro et al.,
2004). However, such setups represent unnatural conditions whereby fish are often not able to exhibit
burst-glide intermittent swimming behaviour as they would in the wild (Tudorache et al., 2007) and
because natural heterogeneity in flow conditions is not rarely absent in the experimental setting (Enders
et al., 2003). Experimental laboratory studies may also not account for flow velocity gradients (Kemp et
al., 2006) and overhead cover (Kemp et al., 2005), factors of importance when assessing the impact of
in-stream structures on fish movement (Kemp and O’Hanley, 2010). As such, it is important that
experimental laboratory studies are followed by evaluations of fishway designs in situ, so that their

effectiveness may be determined under site-specific natural conditions. Comparisons of fishway designs
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between spatially separated sites, likely with different environmental conditions, have to be done with
careful consideration. Post-construction evaluation is needed ideally for all species in the fish
assemblage, for different life stages and for both upstream and downstream direction of movement.
There is a need to evaluate different types of fishway designs in such an approach so that river habitat
fragmentation may be alleviated for a whole range of species, and to develop well-informed, accurate
fish passage criteria for multiple species, life stages and swimming capacities.

Improving biotic integrity in fragmented stream and river networks may not be achieved if
works are undertaken on a local scale exclusively (e.g. O’Neil et al., 1989; Angermeier and Winston,
1999; Lake et al., 2007; Alexandre and Almeida, 2010; Bernhardt and Palmer, 2011; Radinger and
Wolter, 2014). Although steps have been taken in the last decade, a fundamental shift in the spatial
scale to which efforts are applied is still needed, though funding may often be limited. Small scale
restoration will likely not improve biotic integrity if the system is impacted by degraded conditions
throughout the watershed (Ogren and Huckins, 2015). Especially in heavily fragmented systems,
cumulative effects of obstacles on fish movement and population dynamics (e.g. Letcher et al., 2007)
may severely limit the effectiveness of local connectivity restoration done higher up the system, if no
works are done on the structures located downstream. Further research is needed to evaluate the
dependency among obstacles effects on fish movement and habitat, so that the implications for habitat
connectivity and aquatic biota are made clear.

The effects of longitudinal connectivity restoration in fragmented river systems were shown in
Chapters 3 and 4 using different forms of telemetry and approaches commonly used in studies on spatial
behaviour of fish. Connectivity restoration in a small stream was shown to be successful using PIT and
VIE tagging alone and in combination with fixed PIT stations, and by using radio and acoustic
telemetry. But it did not show a clear effect based on fish species densities data obtained through fishing
surveys on the River Deerness within the short study period following restoration (1-2 years). This
encourages the use of a multi-method approach to evaluate river restoration schemes rather than

approaches based on a single method. A variety of methods allow for comparisons between larger- and
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smaller-bodied fish species, of different life stages, and may provide insight of river restoration effects
on different spatial and temporal scales. Such information, crucial for the success of river reconnection
schemes, may not be collected using a single method approach, such as surveying for fish species above
and below structures. For both the investigated Larinier SAB fish pass on the Derwent, as well as other
popular types of fish passes investigated on the Deerness, their effectiveness in reducing habitat
fragmentation in the long term may be evaluated in future research. For the Deerness specifically, future
research may investigate if Atlantic salmon return to the Browney and Deerness, since in recent years,
high rod catches of this species have been reported in the main River Wear and salmon numbers there
have improved (EA, 2014; EA, 2016b). Also, obstacles on the lower Browney and lower Deerness have
been mitigated since the radio telemetry study for Chapter 3 had ended. Results indicated that the
obstacle on the lower Browney formed a barrier to fish movement under a variety of flow conditions.
How effective connectivity restoration was at this site, and to what extent Deerness fish communities
change over time is of importance for the river restoration scheme in general. Future research may
include radio-tracking of migratory fishes, including salmon caught in the Wear, so that their migration
routes may be determined. More turbulent, shallow reaches are located throughout the Browney and
Deerness, thereby favouring the use of radio telemetry over acoustic telemetry (Lucas and Baras, 2000;
Cooke et al., 2012). Deploying fixed radio receivers at strategic points along the Wear and in the
Deerness and Browney allows for the study of spatio-temporal behaviour of a variety of species under
varying environmental conditions. The effectiveness of the nature-oriented bypass channel on the
middle Deerness in providing compensation habitat for rheophilic species may be investigated using a
capture-mark-recapture approach.

With recognition of WFD legislation, Programmes of Measures (PoMs), part of the River Basin
Management Plans (RBMPs), provide information on the main pressures present in respective water
bodies and the approach by which these pressures are to be mitigated (EU, 2000; UKTAG, 2008a).
Rehabilitation programs may be less successful in reaching ‘good ecological status’ or ‘good ecological

potential’ for water bodies, if the programs are based solely on the number of obstacles present, thereby
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focussing only on the longitudinal connectivity component of river restoration while habitat quality,
riparian management, and pollution receive inadequate attention. The spatial arrangement of habitat, the
non-uniform impact of various types of obstacles (e.g. Jager et al., 2001; see Section 2.3.2.3) and
dispersal potential of occurring fish species (Radinger and Wolter, 2015) should be assessed critically as
well. For example, Kail and Wolter (2011) reported that longitudinal connectivity restoration may not
be delivered if works are not accompanied by habitat improvement. Diebel et al. (2010) concluded that
stream restoration programs will be most effective when the spatial distribution of source populations
and fish dispersal abilities are taken into account and when the existing distribution of habitat
characteristics are carefully considered. Separation of a river network in multiple water bodies requires
an assessment of habitat availability, habitat fragmentation and pollution of each water body
individually. In heavily modified water bodies, in which a large number of anthropogenic structures is
often present (see Section 1.4), effective measures to mitigate fragmentation are often lacking (Kail and
Wolter, 2011) and needs improvement to meet WFD targets. Since water body classification uses a one-
out, all-out approach (whereby the Biological Quality Element (BQE) with the lowest status class
determines the water body’s ecological quality status; UKTAG, 2008a; see Section 1.4), achieving
effective connectivity restoration may not necessarily lead to the water body representing ‘good’ quality
status. Although not included in detail in this thesis, other BQEs, such as phytobenthos and
macrophytes, are equally important as the BQEs fish and invertebrates. The approach used in WFD
classification dictates a broad working method instead of PoMs focussing mainly on some groups, while
leaving out others (Kail and Wolter, 2011). There is a need for more river managers to include such an
all-encompassing approach in their PoMs.

Resources permitting, the effectiveness of river restoration schemes should be evaluated in the
medium-long term as well as in the short-term. Fish species must be allowed sufficient time to
recolonize habitat formerly inaccessible due to fragmentation (Bednarek, 2001; Quinn and Kwak,
2003). Furthermore, stream habitat structure and benthic invertebrate communities may require multiple

years to recover from degraded conditions (Muotka et al., 2002). Morphodynamics following river
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restoration may still be altered on the short-term, for example through discharge and sediment supply
(Kail and Wolter, 2011), and resultant effects on aquatic biota may be difficult to predict (Kondolf et
al., 2006). Guided by long-term knowledge derived by researchers allows river managers to make more
informed decisions better suited to tackle the increasing problem of restoring rivers to good ecological
status (e.g. Kondolf, 1995; Hart et al., 2002; Palmer et al., 2005; Darby and Sear, 2008), an approach in

accordance with standards set by the EU Water Framework Directive.
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Appendix I: Supplementary material for Chapter 2/3

Water body labels River Wear

WB label as used in Chapter 2 \WB label as used by EA

WB a
WB b
WB ¢
WBd
WB e
WB f
WB g
WB h

GB103024077440
GB103024077461
GB103024077462
GB103024077463
GB103024077464
GB103024077621
GB103024077624
GB510302402900

Water body labels Brancepeth Beck, River Browney, Old Durham Beck and River

Deerness

W label as used in Chapter 2/3 WB label as used by EA

WB 1
WB 2
WB 3
WB 4
WB 5
WB 6
WB 7
WB 8
WB 9
WB 10
WB 11
WB 12
WB 13

GB103024077420
GB103024077290
GB103024077270
GB103024077280
GB103024077330
GB103024077310
GB103024077300
GB103024077320
GB103024077551
GB103024077552
GB103024077540
GB103024077490
GB103024077470

266



Appendix I1: Supplementary material for Chapter 3

Hydromorphology in vicinity of Deerness structures

This appendix presents models of hydromorphology characteristics at each of the eight identified in-
stream structures on the Deerness (S1-S8). Depth and flow velocity is shown for each structure both
before and after (if applicable) connectivity restoration was undertaken at the site. Surveys - one before
connectivity restoration and one after, per site - started 20 m downstream of the structure and ended 20
m above the barrier. Depth and flow were measured with ca. 0.5 m intervals across the full channel
width and with the same intervals along the length of each survey area. Flow velocity was measured at
60% depth with an electromagnetic water velocity meter (Valeport model 801), which calculated the
mean £ SD flow velocity over a 30 second period. Structures are ordered from downstream (lower
Deerness, S1) to the upstream-most site (S8). Flow conditions at the time of measurement were low
(summer baseflow, Qgg), for measurements made before and after connectivity restoration so that
similar environmental conditions were applicable. The models were created with Comsol Multiphysics

5.0. Structure details including dimensions were presented in Table 3.2 (and is repeated here).
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Depth (m)

upstream
0.78

downstream 0.07

S1 - depth (m). Left: before restoration - Stepped weir, five steps - 0.05, 0.30, 0.33,0.29 and 0.35 m
high (downstream to upstream). Right: after restoration - part-width rock ramp.

Flow (m ")

upstream 0.6/

0.6

0.1

0
downstream -0.01

51 - flow (m s7). Left: before restoration - Stepped weir, five steps - 0.05, 0.30, 0.33, 0.29 and 0.35 m
high (downstream to upstream). Right: after restoration - part-width rock ramp.
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Depth (m)
0.67

upstream

0.6

0.5

-4 0.3

0.2
0.1
0.01

52 - depth [m). Left: before restoration - vertical weir. Right: after restoration - nature-like bypass.

downstream

Flow (m s™)
0.42
upstream

0.4
0.35

0.3

0.25

4 0.2

0.15
0.1
0.05
0

-0.04
S2 - flow (ms™). Left: before restoration - vertical weir. Right: after restoration - nature-like bypass.

downstream
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Depth (m) Flow (m s”)

upstream 0.55% upstream 0.49
0.5 0.45
045 0.4
04 0.35
0.35
1+ 0.3
103
| ’ 0.25
0.25
0.2
0.2
0.15
0.15
0.1 0.1
downstream : downstream
0.05 0.05
0.03

$3-Left: depth (m). Right: flow (ms”). Multi-pipe-bridge crossing,
11 smooth pipe culverts, ¢ : 0.54 m. No action (control).

271



upstream Depth (m)
0.52

0.5

0.45

0.4

- 1 0.35

- 14 0.25

0.2

0.15

0.1

downstream 0.06

$4 - depth (m). Left: before restoration - Multi-pipe-bridge crossing, 7 smooth pipe culverts, @ :
0.90 m. Right: after restoration - Single span bridge.

Flow (m s7)

0.43

upstream

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

downstream -0.007

54 - flow (m s7). Left: before restoration - Multi-pipe-bridge crossing, 7 smooth pipe
culverts, @ : 0.90 m. Right: after restoration - Single span bridge.
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Depth (m)
upstream 0.44

0.4

0.35

- 1 0.25

0.15

0.1

0.05

downstream

0.01

S5 - depth (m). Left: before restoration - Multi-pipe-bridge crossing, 7 smooth pipe culverts, @ : 0.90 m.
Right: after restoration - Single span bridge.

Flow (m s7)
upstream 0.24

0.3

0.25

0.2

0.15

0.1

0.05

0

downstream -0.01

55 - flow (m 7). Left: before restoration - Multi-pipe-bridge crossing, 7 smooth pipe culverts, @ : 0.90 m. Right:
after restoration - Single span bridge.
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Depth (m)
1.24

1.2

upstream

0.4

0.2

downstream
0.05

S6 - depth (m). Left: before restoration - Multi-pipe-bridge crossing, 4 smooth
pipe culverts, ¢ : 0.60 m. Right: after restoration - Single span bridge.

Flow (m s7)
upstream 0.36
0.35

0.3

. 0.25

=4 0.15

0.1

0.05

downstream 0.01

S6 - flow (m s'). Left: before restoration - Multi-pipe-bridge crossing, 4 smooth
pipe culverts, ¢ : 0.60 m. Right: after restoration - Single span bridge.
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Depth (m) upstream Flow (ms”)

0.44 0.29
0.4
0.25
0.35
{03 1 0.2
0.25
- 1 015
0.2
0.15 0.1
0.1
0.05
0.07 0.04

downstream

S7- Left: depth (m). Right: flow (m ™). Multi-pipe-bridge crossing, 2 smooth pipe culverts, ¢ : 0.80 m. No action (control).
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upstream Depth (m)
0.63

0.6

downstream 0.05

S8 - depth (m). Left: before restoration - Pipe culvert. Right: after restoration -
Pipe culvert with nature-like pool-weir.

upstream Flow (ms")

0.56

0.5

0.4

0.1

0

downstream -0.04

58 - flow (m s7). Left: before restoration - Pipe culvert. Right: after restoration -
Pipe culvert with nature-like pool-weir.
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upstream

Depth (m)
0.69

0.6

1 0.5

4 0.4

4 0.2

downstream

58 - depth (m). Within culvert. Left: before restoration - Pipe culvert.
Right: after restoration - Pipe culvert with nature-like pool-weir.

upstream

Flow (m <)
0.72
0.7

1 0.%

1 0.4

41 0.3

downstream

58 - flow (m ). Within culvert. Left: before restoration - Pipe culvert. Right: after
restoration - Pipe culvert with nature-like pool-weir.
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ABSTRACT

A mvoee hodistie appeoach toavarnd s testing loegrtudinal connectiaty redocation is needed in ceder to estabiish that
tended ecological fenctioes of such restosation are achibeved. We (Bustrane the uee of 3 mui- methed scheme to
evahurte the effectiveness of “rature-like’ commectivity restaration for stream fidh commussties @ the River
Decmess, NE Esgland Eleconc-fishing, cpture sk re@pture. BT telemetry and radho selemetry were used
10 sseasier fish community comgpesition, Esperal lishway elliciency and upstneam mgration repectively,
For measuring pessape and dispersal, cur raionake was 10 evadeae 4 widke siae range of stroeg swimesess | exem

phified by brown trout Selwo tratta) and weak saimesers (exemplifed by bulBsead Comas penfrnum] & sio m
the stream ecosystem Radio-tracking of adult trowe donng the spawning migration showed that pessage efficen

<y o vach of five comnectty -sestonad satis wos 31.53-1008 Unaliesed (experimental control) stratunes oo the
megration rouee had a bottle nack effect on upsteeamn migration, espackily during low floves, However, evea dur-
g low Mo, displaced IT tageed mavernde trout (total o = 153 exhibiiod 4 passage efficiency of 70.1-93.15. 0
WO nature Ake passes. I mark-recapture experiments juvenile brown trout aad bullhead tagped (totad n -
5303) succeeded in disperssg upstream more often a1 mest structures fallowing obstacke medificatson, but
B0t at the two contred sites, dosed on 2 Laglace kernel modelbng appeoach of ocbserved dispersal distance aad bar

vier travwrse s, Medinms-term post-sestoration data ( 2-3 ywars ) showed that the Ssh smsemblage remained simiae
at fhee of six conmect vty restoeed Stes and 1wo control skes. but a one coanectiviry resored Readwates ske
poeviowmly indalited by trost only, theve native son-sabsonid speae colonized, We condude that ssrowm hab-
at recommection should support free movement of 2 wade range of species and Me stages, whesever reeention of

Eonat ocdkbomen 4 hsrermrs@darbuaroec ol (hartsrens 10atnad com ()5 Tensen)

hmp dsdatong 20,10 F &G sonew 201656207
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such obstaces i e nizsded b0 MARIZe Hon N abve Nvastve spacies. Evalsation of the effemiveness of Ash com-
iy resteration i depraded sireams benefits Boes o sesilarly holistic sppreach

U Imtraduction

Due to resource expinitation by humans, river babitats have become
imcreasingly fragmented (Falf er al, 1997; Milssom er al, 20015, shrear-
ening aquaric spegies’ abumdance, demibanion and diversing (eg.
[marharn et al. 1997; Yawghn and Taglor, 1959; Khan and Colbo, 3008,
and wider scosystem integrity | Fahrig, 2003; Pringle, 2003]. Loss of
comniciivicy berween river habicars §s afren a result of constnaction of
phiysical obstackes bo migrabion and dispersal. such as dams, weirs and
oubeerts (eg. Morita and ¥ amamaoto, 2001 ; Gebrke et al., 2002; Park et
al, 2008; Doehring & al, 20001 Hall et al, 2011 ), Much atention has
Been paid o the parnial or complete Hocking eMects of absrrscrions
on the migration success and population persistkerce of diadromous
fishes, migraring berwesn freshwacer and manne emviranments
i e Dorseiall, 1992 Baras and Licas, 2000 . Obecpaches may aloo b Arang-
Iy detrimental to species migrating or dispersing entirely in freshwater
{Lucas and Batley, 195G; Ponto et al, 1995 Branco et al, 2012; Gough et
al, 2017 Bewivez et al, 2015 ). Dispersal is crucial for popalatien pe rsis-
tence ared is intrinsic to ecological, behaviowral and evobstionary pro-
cesees | Michlabon aned Matter, 2006 Urban et al., 2009} Long fudinal
reconnedrion s incmeasingly a majpor geal of niver rescoration
{ Fullemon et al.. 2000; Kemp arsd OfHanbey, 20100,

Rehabilitation of stream ecosystem furction and biodiversity often
requires resersal of the impacts of multiple sressors (Palmer & al.,
20005 Bernhardr and Palivser. 2007 Fullemon er al. 20000 Wiohl e al.
201 5]. For example. improvements in water quality and physical habi-
tat diversity, amd reinstaternent of more natural hydrawhc connectivicy
iy b petechid 1o Suppoit a mane abundant and diverse feh asemblige
LWam Dijk et al.. 19595 Bernbardt ard Palmer, 2007 ], Degraded aguatic
commnties can recower from past emvimomental insults only if recal.
ORUZACHIN ORpOrmanites ane proskded (Langfard oral., 20000 Where past
plhution nmdcidents. fr egample. layve eliminaned pegolations in river
reaches, recolonization reguires dispersal from adjacent population
£ouarees, aTesIream Fﬂ'lﬂl!ﬂ'l"l'ul i5 nisually relarreely ey, including
Iy prassive mears, bt usder certain conditions, for exampde in reser-
wnirs located upstream of hydroelectric dams, doenstream-dispersng
fesh may encounter migrabon delay, mjury or even martality when ira-
versing the structure (lucas ard Baras, 2007, In depopulaned Do
stream-order channeks, recolonzation i= mrch more likely to entail up-
siream movement. Stronghy-swimming species such as adult salmenids
may pass small ohsrackes im order e acoess such hahirar for spawning
aind resulrant nusrsery Babitar [ Onadio and Paillipare, 2003 ), while in
other cases deliberate resiockng has been used 1o aid recolonization
(Covand, 1994, Howeser, mdst species im fish assemblages ane not of too-
i importance and may e senall, with a limited abiling Do pass up-
stream of phy=sical obstacles (Utzinger et al_. 1998; Wren arad Pardiev,
15494; Helrich et al, 19599; Bolland 2t al., 20049]. Mewerthebess, they can
contritiiee markedly m diversivg and ecnsysiem Function If stream
and river rehabilitation practices are to be effective in restoring diverse
kabitats and natural comenunities then they need 1o fadlitate bidirec-
vianal dipersal of narke fishes and ather animals, nor just enahie con-
certed migranioes of a lew econamically smportant species [Calles and
Greenkberg, 2007, 20048 Gough et al, 2012). Such an approach is needed
o ackdress the hydromarphelegical mesdificatiens thar, in many cases,
ane inbabiring mesrovation wraands e referesoe assemblage comdiriors
{"gpood ecbogical status’)y required by the European Water Framewsork
Directive {WHD] (Kemp and O°Hanley, 20007,

The prefemred meshod of reinstiuning effectioe kagirudinal comnec-
tivity i physical removal of obstructions where poszible {Poff and Hart,
000 Garcia de Leanix, 2008 . Obstruction removal & sometmmes not

£ 2016 Ebevier BY. Al rights reserved.

feasihle due o budgetary consaraims, Moed risks or culhural kkscary rea-
wans, To improve migration and dispsersal comnediviry, passes for vari-
ous hiota (mostly fish) have been developed and evaluated (Clay,
1965, Larinier and Travade, 30007, Rosooe andd Hinch, 2010; Bunt o7 al,
002 Moonan er al, 2012). Hoewever, an adequare underscanding of
the ecological response to bamer remoeal or mitigation {provision of
passes for biota) is requared i order to priocitize restoration effores
and madimize refums on an often limined badger,

To be vahuble in nver restoration, fish passes should operate effec-
tively fior a wide range of species yet aften they are of limited efficacy
for carget species (o salmonids) (Aarescrap et al., 2003; Caudill &t al,
IO ar Whe wider fish ooty [ Mallen-Cooper amd Bramd. 2007
Bunt etal., 2012; Foulds ard Lucas, 2003, In recerd decades more effiort
has been made to improve longicudinal conpeccivity for a greater pro-
pention af niative fesh specis, includicg by harrier remaval. use of low-
gradient  technical passes and  nature-like  passage  solustions
{urpwanth, 1996; Calles and Greenberg, 2007, Gough et al, 2012).
The effectiveness of paioslar fshwey designs Tor fish taxa has been
compared in several revieves [Roscoe and Hinch, 2000; Bunt 2t al.,
H1Z; Mooman of al, 2M2]. Increased emphasis has also been placed
upom predicring e meoet ef fective methods ol reducing fragmentanion
an  carghnend scale [Kenp ard OFanley, 2000; Bourne & al, 2011],
Herevever, few empancal studies bave examined the effects of connectiv-
ity restoration bech at indisidual sites and on 2 wider spanal scale for
fish commmasnities, Kleally cuch stodies should employ methods 1o de-
=i ¢ hamges incommunity composi bon and spedes abundance, com-
bined with those measuring colon@zation and magration processes
{Luscas and Baras, 2001 ), Where possibbe they shiuld also incorporate
a before-after-trestmend-combnod [B&C1] design (Pretiy et al . 2005,
The most commaanly available data by whach rever mamagers can at-
TEMEE to evaliane the Suicames Of S0eam connectiviny resration on
fishes are Quantitalive or semi-quantitalive i surveys ingluding
those required for the Buropean WD [|epsen and Pont, 2007, Howey-
er, the degres mwhich fish communiny daca, comibined with ¢nviron-
mental and GIS analyses cam reflect comnecivity progesses in rivers
with barrier neteorks (Brancoet al., 2012) is debatable.

This study aamed to measure the effectiveness of reconeection ina
sributary siream on the fish assemblage senacure and in rerms of moe-
ments of key species and life stages. & combaation of quantitabee com-
mumity sampling, capture-mark-recapbure and telemetry methods
were cmployed ima BACT approach, within the consoraimts of bmiced
contral ovier the timnming of réstorative acridties af dalTerent sires, The
wtility of this multa-method. mare baolistic. approach o better under-
stand how seream Ashes with strong or weak dispersal parenaial re-
aparnl T bamier removal is discussed.

2 Miethoids
2.1 Shudy st

The River Desrmdss (source] L, 54747900, lang. — 180047042
ET5 m abowe sea level], NE England, fNlows eastwards for 146 rkm
through mixed agrcubkural land and woodland cover, with the riparian
zane musty corssting of semi-natural woodland aned shinabs, belone ic
Jaing the River Brovwney, a oribucary of the lower Biver Wear, The
Deerness [mean annual discharge in loewer reaches o, 05 m* s~ ')
andl Browney respand rapldly o raindall and the subcatchments are
characserosd masly by pool-riMe-mn habitars, dominated by colilile
ard grareel substrabe, Armuad maximum and manimem femperature m
the Desmmess, calculated from 15 man intereal measuremends, was
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et i Diecember [ms2an: 406 Comesn |range] of lower 5& 26 7C
[2.6-2.8 “C] and kaghest in July (mean: 154 °C upper 55: 181 °C
(17 6-19:0°C). Several villages am close by and there is exnensve public
ACCRSE 0 rparian aneas, The subcatchments have a coal mining hencage
and have been impacted by industrial pollution, mosthy smociated with
omdl mining and coking actrities from the middle of the 15th century o
iz e 10608, wihic ]y pused g weaner gisaling thoughout muchalthe
Deermess | Emery, 196847 In the earby 195, substanbree remecia bon ac-
tiors comnmenced bo counter the habitat degradation ard poldluton.
Sinee thaen, Doemass warer qualicy has dramanically improved althaugh
phosplerus levek il exceed targers (Ervircament Sgescy. England,
H016), largely due to diffuse inpats. By 1973, indicacors of biological
water qualiny were shown e bave improved Im the main Wear and in
Thae Deerness throughy for exanple. high abundance of Baeridae and
Ephemerelbdae [Broen, 1974), macro-insertebrate mayfly families m-
dicating moderate o hagh water quality.

Cuarrently, e Degnsess Nzh Tang consisrs mainky of the §ea-going
and freshracater-resident morphotypes of broen trout [ Safmo e, to-
gether with bullhead | Coteus penifresum, part of the European Cottus
apicies complex |, Eurcpstan minnoy [Fioximes phoxiinng | and srone
leachs { Barbarmlsy badomdo ). Evropean eel | Angailo anguilld] and gray-
ling ( Thymallus thymaiiug] are very sparsely distributed throusghout
the Decmess, It is ‘Trout-minnow zone” in the Huet fish aonation
scheme, Arlantic salman (Sl selir), Athowsh now again sbundant
m the Wear, due to waber quality inyprosemenis since the 19603, is cur-
rently absent in the Deemess and rare in the Browney (P. Frear, Envie
TGNMEnt ARENCY, [ers comam.) Mo fish stocking ooours in the
Deerness. River engineering develnpment alorg the Deerness over the
last rwo centuries bas resulted in numerous channel modifoatons,
o of which degraded or were ks, 2nd orbers which wene bulle ar
updared chroughewt the 200h century, particularly a1 nemersus roeed
crossings. In 200212 eight m=chamnel engineered stnactures were
demiified on the Deemess and irs iributanies (Fig. 1) kely hindening
fishh metiement, owmprising. e i NG up n A Sepped
weir and brdge support [hereafter termed site 1 [5151L a veriscal weir
ard a pipe-bridge crossing ford (52 and 53, respectively |, four pape
bretpe fords |54, 55, 56, 57), and a pipe oubeert {55 (Supp. Fig. 1) 06
these eight stroctures, conmectivity was mproved at = dunng the
study, allowing for before and after conditions to be used in analyses,
while revc were resained as unaliered conerod sioes (Tahie 1],

22 Study design
Tl resTOration rationale was 1o remowe anthrgogenic cbelrudimoms

where possible and where not, to e nahere-like passage approaches,
&0.3% T Laciliease natural rer wﬁmmsuwdlsmlﬂwﬂ:

biota (urgrearth, 1996; Carca de Leaniz, 2008 ) Obstructions locabed a4
54, 55 and 56 were removed by comversion 1o single span, full-channel
Wit hridges with nansral subsrrate, Connscniving mingation measures
were implemnenied ar 51 (rock rampl, 53 [nature-like bypass] and 58
[nature lke pool-weir pass to cubent entrance ), whde 53 and 57 were
left unrestored during the study and provided sse conirols over the
sty dluraricd, Most soisTures wiene fennesid, isdifed berveeen Ocm-
ber 2003 and &pril 2014, with the exception of S8 [Ociober 20120, 56
[Pzt 20145 anid B [ March 2015)

Seweral methads were used during the snsdy period (Sepoember
200 2-July I015) peevaluate s imgpacts of sforemsestioned in-sresm
stnactures and thear removal or mitigation om passage efficiency,
dispersal, aned fish assemblage smacure. Movement shadies examined
A soreng swimemer, Bromn troud, and & weak swimmser, bullhesd
[Cothidae, typical of a bemthic swimming guild] to reflect the breadth
of swimming performance. Bullhead is an EL Habitats Directive listed
species, fyplcal of swifily-foing streams hut ost from many water-
wourses for which even small obstroctions restrict #x dstribution amd
recodonization potential [Uizinger o1 al, 19948 Knacpkens 1 al, 200G].
Experimenral work, incduing rageng was aurhonzed by ethical restow
cmmmimes and done under UK Home Ofice Licence (PPL 403425).in
accordarce with the Animnals (Soentific Procedures) A 15986, All Gzh
suraeying 'was aarhorised by the Environment Sgendy,

2.3 Mobi#ed eweironmental conditions ond mooromeeriebroies

Thwi wertically imsceanbed sensees (Ornser HOBD L0 Warer Level Data
Logger, U20-001-00] logging water temperabure and pressure weere de-
ployped, ane 120 m downstream of 52 and another ane 100 m down-
stream ol 58 aperational from July 23003 6o July 2005 Water
enaperature and warer kvel were recorded every 15 mim {2044 °C
ared + 1132 kPa {15 cmwaber level |, respectively ). Mean daily discharge
data ar G5 were obtained from che Emsrcnment Apercy, River habicac
surveys [SF0C 2007] were conducted immediarely downsiresm
[B0' m Jong] and upstream (50 m long ) of each Deermess structure
n =8}

Fnsight info hialogical water qualicy {bo? CONCeast o restoratics of
physical rormectivity) amd the diversity of food resources. for inne rte-
brate-feedireg fishes was gained from berthic macroamvertebrate assem-
hlages, sampled Biannually (May, Dooober | upsream of six smuonaes
[51. 52, 54. 56,57, 58 Froem aunsmn 20012 oo suenn 2004, i assumed
that becamise of limited distance between 52 ared 53 ({012 rkm | amed k-
raween 5 and 55 0,14 rkem), one invsermebeate sample ac each locarion
adequearely pepresenned the bionic mdes Far the river secrian in which
the twen stractumes are situated. In each sample, all in-stream kabitats
were kick sampled in proportion to their oocurrence, for a total of

Mrwwr Lresmram

Wiwwr Brawney

.

Darntion of Sow

R L. Snid i ared wirhiin 1he FIwer VWear clchimean 2, e L it B | 3ok i o oo TRe R Sramures on the: Deimesis samibsd i vhds sy (50 - 553 P v are kscaied on
the braeer Dve e |a bradge apron, B8 meadded i Slarh 3108 e keawr Brovarey |8 e paume g staben, 05 unresioned Far fsh proage up o el of siody |
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Taike 1

Cerais al=ight in HTHI'FﬂI'L!:I'lN'S\'.II'lﬂ'II DreEmess, adered Mo doss remsa | de| oo apemrean (el VWernical sesp [ WS grad b was mesered o W sanmeT be eloa |- Qo |, Mo

that ik veriical srp muy b d oot i all

copt o 50 and S107) whes waker breels ace slvaied 8 pha: multi-pipe-bid e croning, Mean Sow velacies over the sirec-

TS P FEHTEE 30 peEn T hnagh Ao s caon DIHI resaErion (=4 fof 51 smdegh rack g, or 52 v vogh bpees chonse | 'M!ﬂ' whE et 3 boss sEremer basflow,

rarept lor 58 pre-resneation |7, <Gyl "7 A the pipe culvet e e -Bke poabari pons remeved the wertical sepan the e

part & thee v,

e SmeEture snEture [aler) Lergrh Wilth Vertieal siep Head  Mean Bleani [range] Mos HEtrs [pres STectans pre-resamtian,
[=haie] [Hrmsked mil [ETH] [m) eekaie, il (@) @adiesl (K] weldly pie-) P12 el ] SOTLCT i T84 e el BT RATY
paat-reEonaion [mes]  Surieg snedy)
51 Siepped werr  Part-wabthorechramp 1586 184 158 180 114 D2 (012 -0 Pro v siwpr QU1 0091 035, 0019 aed 054 m
[r 30 3) DT CRu-0E1) [ = TH]
Frst; 1708 m long. 4 m wide, 3 T meas grad st
5 W Hahre- o bypny (- L - 1.1 148 s DLLE (O -041]; P step preceved by 207 m long, 24.9% grasiest
[kr 301 3} D24 (DU -0 T o
Powt: 56 m ey, 1 m wide, 175 grasent charne]
mith 13 pasck
53 Mpk Wogcton (oommall 436 72 e 0Ny 2% 033 (04040 Fre: Bride with | ) smaoth pigs culwens. o: 054
m
Posst: i
5 Mphe Singhe span bridge e 7B D3 LN P D26 (018 - 00250 Fre: [Brifige with T areath pipe cabezns. o000 m
| Aqaril 214} DL E COUM-0L ) Pt Hrid ge replacnd oasiag
55 hdphs Singhe span bridge 345 1B EiRE] s 3% DRI -0 P Baidipe- with 7 srooth pipe cobasis, oo G50 m
| Aguril 3014} 4 CRUT-TL ) Foet: Arid ge replaced messing
= Mphc Sizghe wpan brickge 34 41 oL L 41 D2 SO0-02T); Pre Bridige wath 4 sreooih ppe cobesrin, o 36 m
[ Mgzt 0B LLE RN L ] Fost: Brid ge replaced orvasiag
a L Wi ation [sosiml] 11 54 ke ] o 11 0 OO 1413 Free Bridge with I srosvih pipe cabeeris o 380 m
Pest: ind
= Fipeoulent  Hanweslke pookwedr 303 45 035 a5 21 DI DS Fre: Sirege onmugared pil pesulver, g 2 10m
| Ot 202 01 O - D) Posi: pankwer o movth, 4 paak, 235 miomg

3 mrin plus ane minune manual seanch. Inseerichrares wene identified o
farmdy level A MINTA soore. a biotic index of river habitat waler quality.
was derived by using ASFT [ average soore per tadon |, B-TAXA (mumber
of taxa] and BATWT [Rinlogical Monitering Working Pamy) score daca
[ Davy-Baerwer @1 al, 2008 ). together with relevant prediclor envinon-
mienital and kabitar data as inpat for the softwame package Biver Ievente-
e Classificanion Tod (SEPA, 2015],

24, Fish assemblages amd densinies

T deever e fish asseimblages avd the density of species aboe amd
bazlowe mach of the Deerness sinsciures, quaniitative depletion eleciric
fishing {Elsctracatch, WFC4, 2,54 maximum output, 50,100 Hz) was
prerfommed in July Z013-2005 a1 51-58 and I Sepoember 2003 ar 57
and 58 only. Using srep nets (4 mm mesh), fsh wene samphed within
two B m reaches, one immediately upstream aml one immediabely
disameream of each | reconnecied ) obaracks, cach incorporating mulr-
e Mo ryipees. {prinacipalty vilfhe, ghde, pool) 1o incnease the likelileod
of representing all species within the loca fish assemblage. Three passes
of fishing were performed on each occasion, obtaming progressre de-
plerion. and fish dersiries calulaned acoording to Carle amd Strub
(197& ). Fish remowed im each mm were temporanly kept in separate,
aerated tubs Once all rans were fnished, species and body lkength
were reconded far all fish per pass chrough and the fish were released
Back to the sample sive, AL sites 57 and S8, Turthest upsimeam, where
i 012 emby brosm frout were caughi, survey lengths were extended
(singhe pass fishing, up 0 o 700 m ahmee the stroctares ) fo confirm
thee absenoe of other spacies in 2010 2 ard 1o record the exmesn of sakeni-
Zakiom in subssspent vears,

2.5, Captar-fark- e capiune sanays af dipersal and passags

Inorder o meaeure nabural dispersal of pevenile brosn trot | strong
swamendT | and hullbsead (vaeakl swimmer | and record upsimeam and
dermnsEean passage past river structures, capiure-mark-recapoure
(CMRE) employing eleciric fishing in adjacent 200 m zones, enclosed
wirh 30D reets, was used At 51-58 Fones centred on the siee ol an absta-
che, o Formser cbsrack, and progressed avway Toem e upsream and
diaretream of Ehe obstacle Tormer chstade location Thi= done be-

MOSE STNECnanes (Irearment sices), or an unalered sonscianes (oontral
=ies ). Om each ishing date, one elecinc fishang pass-throogh sas car-
ried out ineach pore and all fish caught were kept in rone-specific aer-
aned tubs, Trows and balihead over 50 mm loeg wene mgged wnder
araeshesia (Bollamd e al. 2005] with passioe integrated transponder
| PIT| tags or visibke implant lastemer (VIE ], depencent on body length.
VIE tagging 'was sice, ome- and date-specific and mudtiple cnlours and
i locations vwoene selegied o mpecning e dlasosmer bimdatl the epi-
dermie, so that it remained externally wisible (Supp. Pz 2] Fsh of 50-
TS mm were VIE tagged, whie those 220 oom bt <8 mm vwere tagged
in the: by caviry with an B = 1.4 mm PIT tag (0027 g i air) using a
needle ingector. For indresduals = 90 mm but <1200 mm. a
12 = E12 mm AT tag (0.1 g im air) was wsed, while fish 2 1200 mm
were tagged with a 23 = 365 mm PIT tag (W6 g In air), A0
Troul = S0 e wene cateporised as age 0+ Jin the e year ol like)
fry, while over 953 of trout = 90 mm were age 1+ or 2 + parr based
upon lengrh-frequency distributian analysts (FISAT tool, FAD, 2016,
For 12 and 23 mm PITA a mid-weniral scakpel ancizicn wis made and
the tag inserted into the body cavity. Followsing recovery (. 15 min),
fish were relrased in the centre of their 20 m capture zone.

Rt [iLANG SLAAEYS Wert: pemormed as Single passes (n the same 200m
zones. The rammber of zomes fished increased upstream and downstream
for successive recapbune surveys. Distance fished was up o/ 2490 m above
and hefow thee soractare at the last necapimere suney each year, following
amethod o 3.7, 100 12 2ones surveyed each side ol the stnss e on sue-
cemmree survey dabes, This alkrered fior Gsh movement betweeen sureey
2ones inchuding possibbe passage over the SERGCTNT {URSETEm O o -
Areain], A Berwisen Sites, 1o be snedbied. Thiee recagiure someys, Tol-
lerwing the mitial tagzivg survey, wem performed with =3 week
mtervals from |uly to October in 20013 and 2014 at 51-58. 0n resuneey,
samiphed fish werecanefully checked for gags, and 3 WIE or PITragapplied
toummarked fich. Recaptured individwals were released into the mee m
which they were caught on that occasion [ mot necessarily the original
release 2one], IF a recappared fish was VIE tagged already. i0was VIE
Negped] again witly a new 2one- aesd dane-specific mark cambination vo
allow for an assessment of movement between zones on multiple ooca-
whoms (SUpR FIg. 2), 1F recapoured fsh bad grown suifcieny, ey wer
TIT cagged insnead of being giver a e VIE mark Orer the twe tagging

fiore and after {in summer-autume 2013 and 2004 modifications to

periods [summer 2013 and 2004], a total of 5303 trout and bullhead
were tagged
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26, Ugretrearrt pirsaee effioscy of ferming frsenibe row

Imqarcher bo e luase: permeatiling of several in-chanmed smachures be-
Fane madalication, 12-I5 cm rroot wene Caught T0-200 m upsream of
the structures by electric fishang. PIT tagged and displaced 20-50 m
downsiream of the structure in fugust 2012, thereby stimulating their
homing behaviour [Armstrong and Herberr, 1997], In Seprember
K2, after 2-1 weeks at Bberty, including dunng elevabed Aoees
| ==y annual flow exceedance |, recapture surveys of treatment
grougs (displaced from above to helow STucture) and coneral rosps
(displaced & shon distamsoe downsoneam (o0, 150m), bul mal ower the
struciure] were wsed toaseess the permeabilsty of 51, 52, 53 and 58, be-
fare resparation.

Lip=rream s sl of desplaced PIT vageed jusenibe rroul was used
o evaluate pesage efficiency during low water comditions. These dis-
placements, in whach troant were captured 20-200 m upstream of the
sructine and rebeased - 30 m dowrstream of the pass, were perfonmisd
at 52 and 58 in autemn 2014 Passage atftempis and sucoess rates were
recorded with kalf-duplex PIT logping systens [Bolland et al., 2008,
with interrogating antennas placed at the downsiream enorance and
upstrean exil of 1 fishway. The sysrem was aperational =89.9% of
the time durimg each 5=6 day study amd was besbed daily for detection
cfficiency with a pole-mourded 23 mam PIT g, com@rsing 50 passes
(ahowe, -0 m/s and Tast -1 m's) through the dessnsereams amd wp-
stream antenmas, Tag detection efficiences [mean & S0) were 97.3 +
13% and 967 + 10K respectively at downstream and upstream anten-
nae for 52; 967 4 1% and 97,3 4 2.0% for 55 (Sop 2014)C 54T 4 4108
and 53.5 + 3.3% for 58 [Mov J014].

27, Fodia releme oy aff mour dunng the spasaning midgraman

Paszage efficiency at engineersd structures, was evaluated for adult
rraitrduring he 2004 spawning migration by radiseelemeomy, incheling
Teing of adulr treast price Do theein entry inoo the Deermess. Penetrarion
through the Deemess spawning nbutary could pobentially be hindered
by the eight strucmures mentioned earlier (fwo of which were unre-
sgred]) dnd P Turthser (annestoned) Sinschemes: a bridge apaon (BA)
sitsated 200 m upstream of the Deerness/Browney confluence (DEC,
Fig. 1], with a .15 m wentical drop at the downstream end and shalkos:
=5 oon ) water depth acrass the apron eidsh during bas o (restored
i Aanch 20050 and. oo che brsser Browney, 3 Cramg-wein Tow-gaig-
g station (G5, Fag. 1] withewt a fish pass bt with a pre-impound ment
i rakse taitwarer levels {oombdned e, 1.9 moat Qs discharge], Conse-
epeeetly, all structures idenrilied on the Deerness as well o the addicion-
al stnaciures om the Deemeess and Broemey [BA and GS) were imcheded
in the radio tracking sessions.

e CT0AR ([ == 32 i T GRS ITeam Spaaming migracion, and river-
resident broswm trout (= = 7) were caught on the lower Deerness and
lorwer Browmey by electric fishing ower free sessions (22 Oct 2014-13
Mo PO14 (Takde 3] Trout were ragged under anaesthesia with a
173 WIHE cransenitter [ATS musdel FROHEFL440] in oo with a
E1 or 32 mm = PIT tag and relegsed wpon recovery (Table 2] based on
the methods of BEollamd &1 al, [2008 |, Marsial iracking, following the
merhads of Bolland &1 al. (200&), was conducted six days per week,
from X2 Oct 2014 through 23 Dec 2004, and 12-21 Jan 2005 (63 track-
g days 1. Tracking extended ower a comianed |length of co. 33 km of

Browney-Deermess chammel to SO0 m wpsoream of 57 and 58 Cross-
channel pared antenca PIT stations set up for a related shady (Winter
et al., J016] ar three locations on the lower Deerness (IS rkm,
230 rlorn ard 5.37 rkim upstidam of DEC) provided emporal asd dired-
tion detection data,

28 Rristic! anadeses

Analyses | Kruskal-¥allis tests; Mann-Whitney O testss Wilooxon
signed rank resas | were pr.'rl'urrr!d using SPSS wersion I, wah am <
leswel e sigmificance of W05, Lemgth compari=ons Beoween groups of
fish which scceeded or failed to pass barriers, combined for all sibes,
waere pertormed using parametric, normally diseribuced data, while
aflver Lesrs used waene nen-parameric, Far the displace et Sody of ju-
venile trowt, time taken for trout 1o locate the fishway, duration of s-
cent and length distribartions among the three displacement studies
wigre resned using Knsskal-Wallis and Masn-Whitney tesrs Wilosan
signed rank tests were perfiormed o besd for significant ddfTeremsces m
body lenpth of brown trowt that traversed a stnachare inan wpstream
ar dersmsiream direction relative oo body lengeh of individuals tagged
AL Uhis pespdctive Sonsciund | pained analysis], The sanme s wis uied
to compare densities of trout, bullhead, minmow and stone loach (of
all age classes sampled) downstrean of smocnanes with spstTeam den-
sivies, combined Tor all connectivitg-restored soruchems [paived
amalysis].

Obstacke permeability to bullhead and rot degpersal, pre- and post-
MESLOrArian wias analysed using Liplace Rernel analyses | Pépinag 1 al,
2012 Distances moved by brovem trout and bullhesd in 20m comnecied
longrudiral zones were nansral-bog transformed. Laplace doubde expo-
nential kemned densiny lencoians were chen used, The Laplice misiure
kErnel [Fyppal, wlich distivgui=lss benseen homogeneoss and Berero-
peneous populabions {PEpino et al | 201 2, corsrsts of tven dermity fme-
tiees af the bBarrier Laplace kernel [fi ). one for sedentary individuals
A onwe [ muplrile fish [Rodrigoez. 20000

—ihs [CTEERE SR
Juie ) + exp| T]" kS e—ba  aswela
Fai® b ) forx b and b=
LU i fiarz 4 andb-0
up[:T:]kj'lw—h.ﬁj aswellas
Foed e anell =01

Feanal®, 8,8y R k) = g (8, Fio, K]+ (01— Jigg 0, biga, K]

For fau. & represents the distamoe fram point of recagnene i shere
the incivicdual was first released {m], & is the mean dispersal distance
in the popalatcn {m], k is the permeabdity parameter on a scale from
00 non-permeabie) e 10 [ty perneable, no bamer eflect) and b
stareds for the distamce between the obstacke and the initial capture
point_ For fyips 5 is the proportion of sedentary fish and &, and iy, are
mian dispersal distances of sedentary and mohile indiveduals (m], re-
apectively, Mumbers of Degged Rsh refeased inivially per s [caplore)
ardl fish dispersal distances {recaptures| were entered into separate
20 = 3w count marroes for each sise (51-581 wherehy recapoare ncca-
ahang [mdde tham one per fish pecaible] during each recaphene sesion
in the 20135 and 2014 OME campaigrs were summmed. Punciion [y
was then umed to estirnate parameters k and 5 for 51-34 and assocated

Talile
AT BTeAT) ot | e resenit | e g imae L ne s ard relane (¢ H [ELRRT 1} | Tod irackine during dhe spussing migraten, B; mieaned in ks
Hizwery, D: robessed 1n krver Deerera. Memn ek bngsh (on| and rmge 2 pareeibeses.
[ Beket ledaliag Bt el FIT & rada-tagged Sedried AT & radio-Tagged
12 kT 3014 S50m d=GE (R 1 (355 (548 HLT-T5 4]
A3 Tkt I014 00 m duilss (B) 1 [384F) G A80; Sp-Tan|
FELCEIE] HE0 @ deS (B a 11 [56.49; £5.5-510]
03 Mewr 3374 A50m ds 500 5 ARE; 72 T-T15] 1 (524G]
13 Mow 2314 40m i B (D} [i} 7 (A38; £11-635]
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fish populanorns. Packages HyperholicDist, WEAM and bbmile were used
b0 man The amalyses in R werson 32,5

3. Results
3.2, Ash gssemblages, densines and secoinnlzation

Fizh a=ernbliges 2t surveyed structures [ with the notable exeplion
of upstream af 57 in all wears aned 58 in 3013, both in separate headwaier
srreane ) comprised mosly Baceen trour (61.3% of weal] and, in lovwer
densities, minmow | 18.5% of total ), bullhead (1522 of total] and stone
loach (452 of total) | Table 3. Eel and graglang were present in very
I quantities (= 01% of fish caught) im all years Benthic mad mo-infoer-
tebrate arahyses showed moderate, good or bagh eoological quality sta-
tus per sme (Table 3), indicating that enmvironmental conditions
{particularly water qualicy ) and invertebrate focd avallability for fishes
wire likely nor limaieg faciors @n the discribuian and abandance of
fFishes during the study period. Habaeat conditions forsach site varied lit-
the henwmen e and post-restaration (Supp, Tahke 1 and Supp, Takie 2,
respeclively].

Trout only were recorded wpsiream of 58 belore its modification
( finished, Gor 2002, whale mmediarely downstream trout, bulihead
and mirmow were present. Fallowing oconnectivity restoraticn ar S8,
basllbezal. mirmeorey aml boach were recorded wpstream aml dosmsiream
of the structure, the latter at low densities only ard not recorded wp-
srmeam in 2015 Bullhead and minnos wiene recorded ar increasing dis-
Langes upsoneam, in summer 2013 (up 1 1200 m amd 140 m aboee the
structure for ballhead and minnow, respectively) and summer 2004
{uip B0 300 and 280 m abovr the srucnane for ballhead and minnaoe,
respectively]. Additional suppseet for Che asoent off e pocl-weir lishway
and mfemred recolomization by bullhead at 58 = evident from PIT ard VIE
tagging |Tahle 4]. By contrast, no wpstream passage of bullhead was re-
corded ar 57 [Tabie 41, a cencrcl sae of similar smeam widsh and foom
where no mitigation measures veere adopted. Although trout, bullhead.
minnow and store kaach were found downsiream of 57 over the perod
2002-201 5, anly trodt were recordsd aboe the strucane ower the same
pEricd [Table 3, surveyed discontinuoasly in suitalde habirars up
=0 m upstream in 2013 and 2004).

Comparing densities of trout, Bullhead, minnow and stane Inach
fage ¢lasses oombined ] im Che Seme neadles, BErveen unnesponed and
connectvity-restomned conditions (m = 3 structures restored by 2014).
bsdlihead density wpstream of the restored structures was significantly

higher im 2004 than in 2013 [Wilooxon segred rank tesic £ = — 2201,
B o= OUNZA] arad Inach Gensiy upeaream ol resroned SITUCTUIES Was mar-
gimally lviier i 2004 Chan 200 3 (F = — 1 992, P = 0.0:46): 8 ather tesrs
were pom-significant. Mo sigraficant differences in fish density were
Found ar restoned struciures between 2004 and 3015 and berween
015 and 2005 lor any specied (@ = 6 ruciunes, Wiloamen sepned
rank test, # = 005 im all cases). For ontrol stes (n = 2], the sample
se wias too sall for statistcal comparison, but overall mean denssies
Jall species of all caprtured age classes, for 53 and 57 comhbined) varied
Eithe dewnstream of the structures (201 3-2014: — 4.5%, 2014-2015:
=Y 2% JO13-MN5 — 125%), and Upstream (I013-2004: —9TL,
F0T4-2005: & LHE, 2013-2015; = 7.3%), Analyses soledy based on den-
aifies ol age 0+ trowl (lengih < 90 mim ) shieed an increase in dersiy
Falloring restoration at four cut of free resored stroctures | mean + 50
merease in 2005 relative to 2003 155 + 16.4%), Denstties of age 0+
Ardul e il Peaglier dormsnsredin of Two aur off Fve sines (55, 56) in 2015
compared bo 3003 [mean + S0 B85 = 1797, amd lower for the re-
maining thres structures (7.7 + 14.1%). The two control sites showed
an mrease |mdensines downsiream (7,7 £ 38X ] beraeen the same
years, while vahses were kewver upstream of the structures by 89 + 6.2,

3.2 Copture-mark-recaphure sureys of dispersal and pessage

During the 201 3 MR campargn 51, 52 and 34-56 were unrestored,
ot vy spricg, 2014 allweere, except S5 which wascompleted 10 days be-
fore the final recapoune session in Sepoember 2004 [Tabie 1) The 2014
CME campaign represencs posr-mesdification oomditiens for those e

S5 Restoration at 33 was completed im autumn 2012; thos
F0NF and 3014 CMR campalgns chere rellear post-madification condi-
nions, while ar 53 amnd 57 they represent ¢onon pre-nesterarion condi-
fiors | Table 1], Totals of ¢ = 854 brown bowt and 7 = 153 bullhead
were recaptured in 2003, and n = 394 trowt and @ = 77 bullhead in
F014 | Supp. Tahle 3, Supp. Tabde 4], Singhe- pass carch efficences, calou-
Lated from depletion surveys at the sites, were TO0% for trout and 6906
for bullhead in 3013 and 7.8 and 65 7% respectively in 2014, Based on
A0 m zanal (MR sireeys, distance dispersed by trour [mean lengrhs
1166 fm (30-338 mim)) a5 bullhesd [mesn beagilh 728 mim (32—
111 men) ) from the zone of capture met a lepeo kantic distribution. Com-
Bining PIT tagged Ash released ar each sonsctere, in each 2one in 2013
dmaur i = &7 bl i = 300 53,5500 PIT tagged rroul medapnres
(2040362, mean lengthe 1164 men ) and 6022 of PIT tagged bullhead me-
captures (3553, mean kength: 8235 mm) stayed in the same 20 m
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stream seotion relative to ther last knowen kecation. In 2004, 5415 (226
415 recapiures, mean lergth; 1225 mm] and G34% (2541 recapunes,
mean length: 829 mm] of all pelessed PIT tagged ot [0 = B15) anxd
bullhead (= = 116] respectively did not move betveeen stream sections.
Far VIE tagged individuals (rotal for 2013 and 2004; 0 = 2134 and 0 =
452 roul respective . i = 307 and @ = Z30 hallhead ], a lighthy grear-
er proportion of bullhead recaptures (787127 (61.4%) and 41/63
(6500 | tham trowt ones [422/734 (57.51) and 98/159 (51.72)] oc-
curred In the same 2one as previously Tor 2013 and 2014 respecraely.

Ulgireg a hasrier Laplace misiore model, shene no disoriminarion
mide hetween ohstack: raverses im up- of downstream direction, bar-
rier permacahiliny [k inoreased fellowing conmectiviy restoration ar all
sl soractures (51, 52, 54 550 Fig. 2, Table 4], This was troe for hrown
trout tagzed with PIT {1+ and older age group, =80 mm im length,
e ot of increase; 236) and o thisse trout individusals VIE tiggind
{0+ age groap, 30-79 mm in kogih mean fcme of increase: 8.23).
Structures where pre-/post-resioration CME ooourred during the
study, were more permeahle for bullbead n three out of four cases
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Fig. 2 ol frch kel 4 1 1 e
erpaarm el BT agged (moud & 53 e, blue), boowa ol VIE agged ¢ mout 50-74 man,
red] and coanhiined FIT and W1E Bollbead (bulbesd arangs | Bawed onoa Laplee kerrel

T ok | dmi arad barmer ]
HTEOTLNes a1 skes 53, 55 (hoth reaoredL and 57 (00 resteraion, canoel | are shosam
{For misrprvin ton of dbe refmmcon io oolour e thin fgure egerd, the eader b refermed
v e weel versen of This amick. |

Tollowing resnecation than before (52, 54, 55, mean Baotor of inorease:
320, excdudirg 52 dise to zero bamer traverses before commectiviby mes-
toration ). Stanstically significant increases post-interve nEm were par-
ficularly evidens for age @ 4 trout angd bullhead | Tabde 4 At concrol
sites (53, 7], barrer permeability was ssmilar bebween years for all
fish groups, ewcept that perme ability was significantly higher i 2014
Tor age 04+ grour ( Takde 4],

MR PIT tagged omur thsar passed upsirearn ever @ach sonature be-
fore commectivity restoration, were signaficantly larger relative to all
fagged mour tagged ar the sonscure | paired analysis ), comhined for all
sies, far e 2013 OMR campaign (bady length [mwean = SD):
1786 + 17.6 mm v= 1539 + 152 men; Wilcomon ssmed rank besic
£= — LGNS, P = 0009 PIT tagged trout passing upstreanm at sites
post-restoration were not segnificantly different in length than all
tagged trout at liberty in the 2014 CME campaign [body length
|mizan 4 S0): 1354 + 2006 mmivs 1483 4 373 mim; Wiloooon signed
rank s = — 1,742, F = [OR1 ], Mo see-edffect was found for PIT
Tagged ot thar movesd downsineam past an sletacle pre-restoration
sompared to 2l tagged frout at liberty m 2043 (12006 = 15.5 mm vs
1534 & 3R2 mm, Wikaxon sgned rank test & = <1307, P =
ML191). This was abka e post-restoration (131.2 + 163 mim v
148.3 + 37.5 mmm, Wikoxon signed rank test: 2 = —{422 P =
LET ) Samnple sizes of PIT tagged bullhead dispersing past sinaciures
wegre foo ko for Body lengeh effect analysis,

131 Upstream passage finenoy of Aoming juvenile froes

Dizplacement CHR spudie of troul in lae summer 2012 denssn-
strated partial wpstream permeahility of obstacles for displaced trout
[12-25 o) ac 51 [17 oair af 50034405 displaced trout recaprured
Albye Tl sonschare aler -3 wesks of libemy), 52 (3/28 1007E), 53 (6
E 187 amdd S8 (427, 1461, before restoration was undertaken. In
Susgust A4, after resboration, at very ke flows [ - Qg B1.45 of exper-
imenrally displaced rroam amempred o ascend the bivpass channel ar 53,
durireg which timne the weir was impas=able as all streans Rorer was
routed through the bypass, with a passage cfficiency (of those
artemging] of TO X (Tahbe 5. For 58 [ nanare-like pool-weir amd cul-
vt Combinarion] disrang very low Dows (-] in Seprember 2004,
passage efficency was 71.9%, while m November at slightly higher
Mo [ =) 10 weas 93.1% {Tabde 5, Time taken for crour io lecane the
Tishwway arsd duration of asoent differed bepsoen the three displaomsent
studdies (Kroskal-Wallis test, K = 11.258, df = 2, = 0000d and K =
149507, df = 2, P < (L0301, respectively|, being quicker for 52-Aug than
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Cetails of displaced mor amsmipting and ing 52 and 55 resp W RSty wnrks. W irmerval e e raveen acnesshes de e one .
the fnbssory entrance ws af lest 300, 1 e counted aua wparie stienpi.
2 [ Ay 2014] 58 {Sep 20143 6 [Mav 2014]
Trvaw dhizplaced b i5 ]

Pan leregth £ 52 [rnge ) jrm|

Fea inas d S0 (i) 8]

Proparthin J1e mpring pussge

P ¢ BB emicy

Pean i 15 ocare fsh pais @ 5D (raege] [m]
Paan saoent durstion =+ S0 Crangs| [ m| 510 2 685 (4.7-310)
Meaz ne, sfieep for seooessful dreod Dnnge | 1.5 {1-8)

PR N0 FTEMRQES b unseocessol oo [Fange) A2 {1=01)

175 £ 24[125-217T)
GBS o 209 [ 13
A7 (304
28T [WRIX)

P30 b 1214 |1 4-63E5]

145 £ 23 (128-200]

194 & 135 [19-130]

M5 (TLIE]

1350 (T1.0)

B0 6 ke 1 H153 (-6 TED )
TGET & JERAT [PAB-T64RE]
SH(1-58]
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FLl-CRLERE S
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a1 {1-27]

M5 [T-42]

S8-%2p and SE-MNov (Mann-Whatney test, U = 4810, 4f = 1, P 0001
and L = 1330, gf = 1, P < 0NN, respectively ). Trowt displaced at
ath 58-S aned SB-Mow waere smaller chan those a1 52 [Mann-Whitney
tesd, U =335 df = 1, P< 0000 and U= 3785, af = 1, P = 0001, re-
spectively, Table 5]

34, Radio fedesselry af roed dearing the spavening migention

Fost-remediaion, twenry six adult sea o and river-resicdent
egwns Crout released and rabo-ieacked om the lower Browney (Table
2} mitialby rermmained beboey e gauging stabon (G5 ] dunmg an exiersded
perind of dry weather, despate multiple wisits bo the prosmity of the
waeir, and most evenfually Sropped downstream, incheding our of the
tmbutary back into the man nver (Fig. 3. Following a freshed, the ma-
Jonity of the se trout were tracked upstream of GS (Fig. 3], OF the trout
released on he ower Deerness [0 = 13], 10 {77%] werne Incand rear
ta S within 24 hool release, showing nsorivaion e nwgraie upsoneanm.
In total, 30 radso-tagged trout were found in the Deermess over the
siudy period. When ordered from the lower Deemess (51] oo the up-
SATEATE-T0ET S0 o e Dedrmess wiire radio-ragged woul waere sl
fioound (56 the Tollowing numbers attempted and socesfully passed
the different barriers, whereby a fish located less than 100 m below a
SOPUE T e was regarded as attemgding o pass ic 51° 2350 [267%), 207
27 (BAOK); SF: 16,10 (BOOK). 1316 [B1.5%); 53- 1243 (52.5%), 3112
(RO 54 3 [1000xL 33 (1000X); 55 33 [1M00x], 33
(1000 55 33 (100ATE]. 3,3 (1MLOE): 570 03 [MIE): SR O3
(D], P rronat [ 25.000) ascended 53 aver 2 variery of Now oonditions
(Fig. 1) even though spawrang habstat is abundamt upstream.
Irddividuals thar passed 53 concinued their migration and were found
up to 109 rkon upsorearm of 56 (Fg 3] The cumslarive passalilicg.
calculated as the product of mdividual passability valees (Kemp
and OHanley, 2000, for the respective Deerness structures where
amempls of passape were pecorded [ = 6, was s 0177
(OBED - &1 - Q250 - 1,000 - 1.000 - 1,000}

4, Discusshon

This sty demaonsirates how multiple methods can be used o si
oo quanify different aspeces of the effeativeness of connectiviny res -
Lo wn Sneams, for & rargoe of species and lile spages vanging in sze dis-
persal terdency amd swinmming performance. In Europe, ecological
guality indicators for fisk, required under the Water Frameweork Direc-
rive WD, are measured by surveying sk assemildlages and comparing
these to reference conditions (Jepsen and Pont, 2007 ). Thus, these anre
the data whach European federal agences recond, aganst which o eval-
uare the effecoreness of habirar and connectivity restoration, and a sim-
ilar snsarion ofen alio sodurs aurside of Eurogs {MoClelland e al.,
2002, In thes medrome-term stody, fsh assemblage surveys mosthy did
et icenaify clear changes in fish papulations due oo connectiviny reseo-
ralion AL ol sines, bur ey did chat the raged colomizarion of i re-
comnecbed beachwater, by comparison o a simalar conkrol =te_ Fish as-
semblage data gave information an diversity and destribartion, and

mvertebrate data provided evidence of perssting good water guality
and trophic diversity throughouwt the restoration period, identifying
this mot io he & Wmicing factor. Likesise, habicas inthe study reaches

a)
a0

Mean daily discharge (n' 57)
B i
123, ) e achuag oA

SBBBEES
TE-qpee

Fig. L a] Mean rdly discharge [m' s ", comtinecin |ise) 1 paging statian [C5) on the
lower Browmery and wabsr banperatune [“C, 15 min inbereal, detivd lise ) at 51an the
ik le Dwwrmess Far thes soniy pevied ; &) o serion on of rod - cgged adulb sea oo
hrpsan trout karations {rerhan, 250 and 755 guarties, ciccles asd stars are outbers and
EREE, ] el anres 1o R ge apran | BAL released ever Bve dess s,
Paimis al release (a; termpara b s patia iem paaral . are ined icated By bald armoree, Megarhee
walues indzain o downsiream pesken mlairer fa BAL Hormsial bnes iz b| sdicais
Teacatines of In-smeam sracrires labelksd afjace=ar m fhe yanis, whereby resared
siructares durieg the tracking periad are mawked with & +[C in oeder fram the
o ey fRos] SIneTure &0 e kv Brameey | G5 1o Che upstmam- rios] |etaion
on the upper Deemes where radieraggesd wodt were kigged [56). Only moa
mereezkmi tn ke lower Bressrey | dersrn irvass of DB | ared intbe Dyermes o shomn
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memained sable ower The sudy period, Thsese feh assembage daca pro-
wide valmable contextual knowledge fo connectivity restoration, but
thiey dis nit provide mechanistic information on popalaton connectivi-
1y arul dispersal. making it Galiowln o denermice e oely el ivenss
of comnectivity improvermerds an restoring fish diversiby amd ecological
function im degraded streamn systems. Hy contrast, telemnetry methods
were Mghily eMecoive in quantifying raves of approach and passage
wdentifying magration bottlenecks, whach is of importance for adaptive
approaches in connectivity-restoration planming and implementation.
A ll-ondered experimental CWIR design enabbed dispersal and passage
alsmall nes-almonids and poversile salimssnids [Ballhead and Brsss
trout, fish species with contrasting swimming and jumping capacties)
0 he quandified cost-effectively using che barrier permeabdiny model-
Bng appreach bn combination, Dhese metseads provide mach greaner in-
=ight 2= to the effectiveness of connectivity restoration measures o
actseve their objecrnes, across species and life stages with diffening dis-
persal ad recolnization pobeniial.

Im temperate regions of the northerm hemisphere. much emphass
omn physical reconeection of river and stream channels for fish passage
ar reeer imlrassmucrure, andd ewaluating (s effectiveness, has heen given
T sdmonid requaneisents [Rosooe and Hasch, 20100 Bunt e al. 2012,
It has been suggested that a fish pass (or other connectivity nestoranon
mitigation | should exceed 90 % pwerall passage sfficiency in arder 1o e
Tully Tunetional [Lucas and Baras, 2000 ] Tor Rishes wisich ane strengly mi-
gratory and rely om movement between distinet localities &= part of their
lefe history. Weaker swimmers, often small-bodied fishes, such as the
e sedeneany Carus (Uszinger o al., 19598 Knacpkens o al, 2004],
areaften not accoumted form fsh pas design and efficency evababons
IClayy, 1995, but see Weibed and Peter, 2013, because they are regarded
A5 MON-MIETancny, et they can be important coparibinmes wihe econg-
el quatiny and funetionaliy of riwerine communires, ARPeagh such
species do pot migrate between different habitats they, like all nver an-
imalks, rely on dispersal posential brpacen habiar parches for papula-
Tion persrpende and recolonizaros {albanese e g, 20090 Uilan o7 al,
HXE Pépano et al. 200 2: Badmger and Wolber, 2004 ). Relakively little
s knowwn about the effect of longitudinal comtinuum restoration for
riwer fshees, especlally im degraded and rebabilicared hahiats, despine
ity crucial importance for species distrintion, =pecies tumover and re-
colonization of mewly available habitats [Detenbeck et al, 19492
Albanese et al., 2009 and for gene Mow (Harski, 1998 ) Dur snady
showed thar greatly impreroed dispserzal ponenfial was oblaaned e
weak a5 well as sirong swimmers a1 most restored sites, inchiding all
wites wherr cherackes wiere physically remioved, showing the ecclegical
walue ol such removals gven wisin the obsrackes are small However, the
Laplace kemel analysis suggested that the steep rock-ramp at 51
remdined a strong chstade for bullhead, even thowgh some dispersal
was o higwed before and alter remediation. By conrrast while the reck
ramyp at 51 dramatically increased obstacle permesbility for ot fry,
parr andd adults, multiple 054 m diameter pipes within the unalrersd
(eoncrol] pipe bridee ar 53 remained & major impediment for adule
ol (25% passage eMciency ). probably because of dyér namow widids
constraming access and passage for larger fish, =ven during elevabed
warer vk,

Resreration of diverse commmnites in mmodified streams s e
relies on achieving effective connectvity for the wide range of native
fishes rather than just a few select species [Lucas and Baras, Z001;
Langlord o al, 2008; Gough et al, 2012; Fander &1 al, 2013], For fish
comauities, hydromamphoogical impaces are among the grealess
problems to achieving, good ecological functonality of streams ard rive
s, BT examnp e as expressd inthe WEDR (Kemp and OHanley, 2000],
Fish perss performance is oftem ighly variahle, with some passes wiork-
ing efficiently for ane or a few species whie working madequately for
other fishe s {Bunt o7 al, 1566; Moonan et al, 200 2], Facilicacing effective
PECelE ATIoN Co promete msraraton of & Aredm fish assemidage o-
wards reference conditions needs a paradigm shif bowards meetng
the dispersal capabilices of weaker-swimmang species, rather than

concentrating on the species with soeng swinwming peformance,
Washburn et al. [2015) propose 2 Ewmopean fish pass manitering stan-
dard; we comvtend that such a standard st Include micthod s apgnopr-
AL Lo nedsaene e dispersal poennial of weak-cwirmiming fahes s
2= the CME approach amnd Laplace kernel analysis used herel. to better
test and suppan restoration measures that faclitate recolonization by
such species, Targeting pasaage of larger species [incdhuding threugh
possible implementation of European paszage monitoning standands
unsuibed tosmall, u impaortant species) risks poorer prog-
ress e s achieving ELWHE good eonkagical condition for fish com-
sl ies i areams amd fivers that ane cormently degraded.

Ome of the cbjectrees of ecological engineering restoration
stTrans is poachieve more nanaral spesies assemblages an densiies oos-
& T ganying capacicy than in degraded conditions. Hence many evalu-
ation =udies measure a=semblage stmechure m berms of =pecies
compasifion and density, by comparison o reference conditions, ard
Change oter Time in response i intervention (e Angermesn amd
‘Winstom, 1959; Gehrke et al, 2002 Gilete et al, 2005; Alexandre and
Aleneida, 200 0), This shady showed that recolonization by small species
| e ] bl lheadl] couibd b raped wihen acoess waas provked e ad-
e siiralle habitar, showiogg e urilivg of simphe assemblage surseys
in documenting successful reconnection. These headwater populacions
ware probably solaned, Tnllowed By a population decline ard ewennsal
earinetien by indusoial agricuMueral of doanestiie pollulien incidenrs
[Kmaepkers ot al, 2006). yet when conditions subsequently improved,
reccdonization was limited by physical obstructon

Allevigting river habitst fragmearation @ el dnportant only Tor
adult Azhes =uch as those migrating wpriver bo spawn (Forty et al,
2015 ¥Young-of-theyear trout, competing for food and space, may dis-
T from areas af high fry densicy i lower ensity areas, a process
possibly allewianed by effective passape solutions, so polentially reduc-
ing density dependend mortalsy (Armsirog et al, 3001 ) Fish dispersal
ts a resudr of the link be raeen fimess and stream parch-specific charac-
tepistice. il fimsess-decreasing waralles are presest in the ama emigra-
tion 1z other stream reaches is promoted [Gowan and Fassch, 2002 ;
Croft et al., 2003 ). Factors affecting dispersal are, for example, aban-
dance of predanors and amoune of fish cover (Hareey 1 al. 1999;
Gilliam and Fraser, 2001 ), length of riffle habatat mext to the reach
[Schaefer, 2001 ]| amd imcreased cunrent weloaity (Schaefer, 2001).
Changes in Feh densities may not be a good indicanor of restorative ef-
fecrs of allesiating Mragmentation, as the ares where Bh ociginaed
from i= oiten nict clear or densities may be influenoed by fluctuating en-
virnmental variahles leading e vanying mecrul Dment success | Precry &
Al 2003, We lowrsd a senall increase inage 0+ orourt densitees amd bull-
head, and a =mall decrease m lbach densites, immediabely upstream of
restored siructures compared to before indervention, probakily due to
inereased suitabilitg of Iocal hahitar for 04 trowr and hullhead, rather
than due bo a wader morease in population. Altkcaszh density or relybree
abumdance estimates of fshes cam be susceptible ro error duse o vana-
tions in fishing eificiency, often doe tochanges inenwimnmental condi-
tigdis [Jepsen and Poet, 2007], carch e iendy remaned high [65-70)
in our quantitative surveys. While mamy stoches show that the disinbu-
tiom of fish species i modified soream and river systems b5 affecred by
coniecrrdry disnaption [Core er al, 2009 Fullertes er al. 2000). this is
not ahways the case. Branco et al, 2012 reported habitat variation may
be more smportant, althowgh interaction berween these wariables
s likely, Dbstacks may be of ﬁ'li:ﬂng passabiliy and Canse differ-
ing degree=af local habitat aleration. Loe-besd stroctures may become
submerged when water bevels rise, resulting in a partly permeahble
strucTure (Cvidin and Philliparn, 2002}

Ty ceoesc Jusian, this squdy demonsirates that hals€ear connectiviry res-
toration at ergireered in-=tream structures an the Deemes= has been
effectiee for boch strong swimmers | hrosn oot and for these with
limirgd swimiing alilives {ballhead ). When corcaleni ng river recan-
nection schemes, we suggest that moeasing emphasi= needs (o be
placed upon ensuring wile fish comemunity access [Gowgh et al,
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2000 2: Dok ard Hiosch, 2003 ], unbi=s chens is & reed o prechode inva-
wive species (Molasghlio et al. 201 5). Often, fAsh passage studies assess
a maclified Facility only for stronger swimmers, yer ic s omcial thar a
widde range of species with dilferest swimnming abilites is considensd
and that Tor rebabilitating degraded systerns towands reference comdi-
tinns, enyphasis is shifted bowards ensuring that dispersal of k

Calkes, B0, Cresnier . LA 38 Corwescriviny £ a reo- gy srees - the nesd Bair aholisic
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1298 1 280,
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i Blafielies 3 620 -630
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swimmers, 45 well as passage of migrants, & achieved effectively. Gur
study prmlldu-rmtmtharhﬂireﬁdl.n coneectivity restoration
within a tributary requires each sigraficant obstacle to be addressed,
since cumallative passage declines dramatically when owen a singhe
sairuchene presents an obstacke This snsdy alzo shows the walse of
g an integrated combanation of methods o gasge connectrity res-
toration for siream fish commamicies, cemainly nec refying upoen fish
densiry surveying akne
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Evaluating the effectiveness of a Larinier super active baffle fish pass
for European river lamprey Lampetra fluviatilis before and after
modification with wall-mounted studded tiles

Jeroen S, Tummers™ ", Emily Winter?, Sergio Silva®™*, Fat O"Brien”, Min-Ho Jang®,
Martyn C. Lucas”
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upsrgam-migraling fishis is needed, Larmwer super active ballle [SAR) Rihways s codalively chaap
reirohit fish passes, suitable lor v -Fead baariers, WIHH]:IHI‘I in Europe and the rrm-cnmmnnl]. Aried
Vit horviead s in B, Thair sunilakalisd y far - . ey g dfvedd, Thar eelliacy ol
4 15% gradiess SAE Rshyvay and #lfeces ol Dowe regime and waker temperasire wene tesied for European

::_pmrr.k' vy Limpeey [Lompeten fluvstils]) osing pacsive integrated trasepeander (FT) and acoustic telenueiry
I:I:z:‘ﬂ::]l At 3 i welr o the River Deresent, Momheast Englamd, [n mégracion seaeon 200 2- 14, over & wide
s I"::n_-"!_ vange af Mows, BLTE af 350 tagpad lenprey |tk Dishieay, Qe fiah (0.3%] ol theas that emtimied
BT the pass ascended succesatully, &ven thaugh measured wiater velocity was within |abaraeory -meeeared
Lawinier fich pam perhormance conditens s Chis spicies, O 20 aconrdi-lagged Limprey al vsibed Bhe wain aver T

same period, four | 13.85) ascended it direcly, dering elevaved foaws. These data suggest that high parbu
bengy andfer ther phrpical charactimisties of Balllis nsay mdalsn Limprey ascent of the pass, bn migration
sevoiy 201415, we tested the ellect of adding stedded modular plastic tiles adjacent ro the Hshway
wall, svsploying, [T antiwmus s parately mterrogating the estrance and exst of each of ther main fishway
and tle restes, 35,85 [163] ol 197 tgged Rmprey entered the Sy, of which 727169 (416%) entered
the tike antrance, Passage efficioncy of sotrantz was 715 (121169), o af which used the Liled reuls,
Feduced kocal flow velocity i combination with increased avalability of resting habdcat witken the tiles
ray have Gadilitated i reand passape. AR hough lalvary pacage dfidimey inceeasid aller plisimmenl
ot mod ular tiles, ic rensained ball chas neeasured Tor direct weeir passage. both of which are madequate
For conneslivity resteration. Quantitative tests of stoddled tiles placed en the sloping downstream weir
Tace by comparison vo conirol condibons may be more ellective and ane needed This study demonsinates
the impestance o carmying eul Tull-scali idd g 1o suppl frenialel i sedeati T
laboratary candims.

1 201E The Authess, Publishid by Eliisies B This is an open acoess artsle ueler the CC BY Boanr

1. Indtrodisctbon

Clabally, co. 45 (00 Large dams, exceeding 15 m, were bualt dur-
ing the 2ich cemury [ World Commissionan Dams, 2000). Although
consldered ra be less of an impedimment 1o mgratory fish, senaller

= Correspearding ahar,

E- ] addeeis! s nirvene s uihasioe ek ] S Teinsde4l

ITHILE

[hicp:ffoneativec st licemee s Ty f4 04

engineered strsctures such a5 low-hesd dams and weirs are profs-
ably twie to Tour arders of magidtude mare abundant than large
dams{ Lucas et 2l 2005), Althouagh these smaller stroctures may not
farm ahsalute barrers, their cumulative negative impacts can be
seviere, wheredny lengltudinal connectiviny wichin river systems s
often dramatically reduced, flow and sediment regimes are altered
[Hilsson et al., 2005; Xu and Fillimarn, 20084 and channel morphod-
gy, vegetacion and invertebrate commainitees are changed | Boon,
1586, Garden andd Meeitemeyer, 2006), Darech Goiseduenies far
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Ag. L Locavion of Batterseambe wein relatree ca ather absiracticns m che laser Devwent and, ins. che sarky area weickin Brivain Locaian of #ah caprieee (o the Oese )i

rrucked Fish were relemed 180m (solely MT-tagged o $20m {17+ eagged] o

off mike weex [2n the Dermeni L

Mesh i lade the kass ol or redued aocess to, eritical batirat [Cooke
et al, 2005; Lucas et sl 20059 Pess et al., 2008} ragmentation
and isolation of populations (Baras and Lucas, 2000; Molaughlin
ot al, 2006] and delaved magratian [Cavedill et al,, 2007 Lucas and
Frear, 1997), A8 a resull, fish dependent an natuial migration and
dispersal berween key habdrats are often affected (Yoshiyama et al.,
190R; Feuntein, 2002 ) ard subsequent population decling s [ Melsan
eral, A02: Dekker er al., 2007 ) or, ultimarely, population exting-
tions (Baras aml Lucas, 20601 ; Zabel and Williams, 2002) have been
reported.

In ooder 1o coumter the inpacts of obstrucrions 1o longine-
dinal connectivity in mver systems, several mobigation messores
have been used, including the construction of fsh passes (Clay,
1905; Larimier v &, 2002 Larinler and Marmailla, 2004), Tech-
nical amd narure-like fsh passes [Katopoadis and Williams, 20011
have the potential to alleviate impoundment effects and facili-
tate passage for & range al species (Runt ot al., 20012; Clay, 1995;
Goiagh er al, 2002) Heweser, fish passes are often designed
to Favour conditions for economically important, migrabion-
dependent stronghy-swinming species such as salmaonids {Lariner
and Marrmalla, 2004 Williams 1 al., 2002). Fish padses slven per-
form poorly for other taxonomic groups (Bunt et al., 2002; Coolke
etal., 2005; Lucas et al., 1594, J000; Noonan et al, 2012} Hydraulic
conditians, such as ﬂﬂ'«"mirﬂ tarhudence, are critical to the
performance of fish pacses, both within the pass and ar the tail-
race [ Larinier et al, 2002). For Ashways, attraction to the entrance
Is indluenced by the amouane and wedocity of Tow leaving the Fish
pasa, bl i alss dependent an nvgrioey BEhusious and Seimiming
capabilities of fish species, while passage = reliant on hydraulic
canditions such as flow velocity and shear stress and swimming
ablliay [Kemp, 2012; Willlams e al, 2013}, If passape of a hroad
range of fish species = to b= faclitated, consideration of different
swimming modes, swimming capabdlities (Mooman et al, 2012),
behaviaur (Eemp, 20025 and NIfe hiseory stages [Baras and Lucas,
20017 are essenrial criteria,

Lampreys Fave betn wigklely alfected by the impscts of piver
damming are] habitat modification (Cloze et al, 2002 Mateus et al,
2012; Benaudd, 1597 bt this group of fishes has been afforded litle
corsideracion undil recently in cerms ol upstream passage reguine-
merds (Mooman e al, 20020 ndeed, the emphicis had beéen an
preventing passage of non-native =2 lamprey Pelromyoon maon-
s i the Laurentian Grear Lakes {Hunn ard Youngs, 1980} Many
popularions of highly migratory, anadromsus lamprey species ayve
dedined dramatically throughout thear native ranges [Fensud,
1947, imcluding the European river lamprey Lempetra fuviatiis
[Aromsuuer sl 201 5; Lucas et al., 2009 Tuwnainen e sl V9RF), This
species 15 now widely regardes] 2= endangered throughoot large
parts of Europe | Matews et al, 2002; Thoel et al., 2009) and receives
pravection In destgnaved Matara 2000 sites under the EC Habizars
Directive [EC, 1592). The river lamprey is dependent on Munctional
commectivity between key habitats bo complete its life cycle, which
includes upstream migration of adules berween labe auremn and
Apriag. when spawning eocurs [Haidisry, 1986

Unlike salmanids, fish employing an anguilliform swimming
mode [eg lamprey) [Shakiotaklis et al., 1999) do not leap at
migraticn obtacles and have limited Buist ssdmaning perfor-
mance (Clough et al., 2004; Keefer et al. 2012; REusson et al,
2011} Although seweral lamprey species such as Pacific lam-
prey Eomesphenus midenranes can climb steep, smooth surfaces
[(Reinhardr e al, 2008 Kemp er sl 2009), mest cansot and,
like European river lamprey, use a combination of short burse-
swimmirg folleseed hy resting he haviour consisning af amachment
i thee subearrate with their oral disc (Kemp et ol 20110 Russon
et al, 2011; Moser et al, 2005), or undulation through shallow,
sloveer Rowing water. Foulds and Lucas (2013 showed pool and
waelr passes and steep Denil passes tohe highly ineffickent far Euro-
peam river lamiprey passage.

Imarder to help restore free passage of fishes towards the com-
muniey lewel, an increasingly inclushve approach is being adapied
Twards Tacilitating pasaage of a4 much wider range of species
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than had onee been accommodated (Gough et 210 201 2] This has
taken rhqfu:rnnfintru&l;!ng nature-1ike fshways sulved o awide
diversity af fish (and poi-fish) tica{Parasiewice e al. | 998]; meod-
tfication of technical passes awling a wide range of species amd
sizes [ Mallen-Cooper and Sruare, 2007); and development of spe-
cific solutions for particular species and morphegypes, inclding
thin-water-fow ramps for dimbing lamprey species [Moser et al,
2011}, and brstle and studded tile passes for elvers and yellow-
stage Freshwvater eels (Soloman and Beach, 2004; Vowles o1 al,
HI15)

Larinier super active bafle [SAB] fshways are relatively cheap
retrofit feshwiays, suitalhile far w-head bamiers [Larinler o1 al,
B Thesy' have Becanss widespiead in Europe and are the mesr
commandy fitted techmical pass in Britain They are often intended
o provide passage for a wide range of species (Aumsirong et al,
20, wer thedr sudrabalicy for mor-salmaneds, Imcluding lampreys,
13 poorhy quaniified. Since river lansprey are serpentine swimmers
and positively thigmotactic, placement of studded tiles on the inner
wanll of single-Might fsheays could allew for acoentinsous tile-rowe
through the pacs, with redoced Now velocing, bow iubalénoe aml
increased availabality of resting habatat. Thas study investigated the
effectiveness of a Lannier SABfish pass in Gacilitating upstream pas-
age aladul river lampres under varying Mow cenditions and wate
temperature, both before (201 3-14, migraton s=ason 1, M1 aml
after (201415, migration season 2, M52 ) maodifications with ver-
tically mmenred studded iles on the inner wall of the fish pass.

Z. Methods
21, Study sibe

Thie sy was comducted ara 20 m wide Crump weir, ar Bamer-
crambe [Lat: 54,00 8; Long: - 08853; mean daily fow 17.1m" 5!
(MERC, 2015]) on the Hieer Derwent, Northeast England (Fig. 11
Thie Crump wedr has a mangular prafide (1:2 upstream and 1:5
dovensiream slopes) and was built in 1973 for mopitering river
discharge, although ultrasonic gauging is now used instead. The
weir i 0.2 river kilometres (riom) from the Derwent confluenoe
[Lucas e al, 20009 with & hesd losa af 1.301m and discharge af
ETREm sV at Qg (the fow equalled or exceeded for 95% of the
time ], annually [ Ervironment Agency (EA|, pers. comim. . The mid-
lle amd Bowger Depwend conmpises a sevies of Dw-gradient maches
{average gradient of 03 mbkm "] and is part of the Humber river
system | mean daily fow 250 m? 513, Draining the Narth Yooeshire
Mliars, the Derwent floves searh and jains che Yorkshine River Ouss,
wehichy in tarn combines with the River Toent oo foom che Humben
estuary. This estuary provides suitabde feeding habitar for parasstic

river lamprey growing to adulthood, and is a Matara 2000 Special
Areaof Conservation | SAC], for which river lamprey are a listed fea-
ruire, Comibimed wirh spawning and réciuinment areas in triburares
such as the Derwent, crucial hakatais for nver lamprey conservation
pcour within the Humber basin [Lucaz et al. 2009, in which one
of the most impartant LE dver lamprey popalations is sustaimed
[lang ane Lacas, 20057,

Thee lower Derwent, where anadromous salmaonsd popalations
are sloswly recovening after an ahsence lasting decades, but whiere
cyprimid, percid andesocid fishes are abandant(Whirion and Lucas,
1997, 1= an area of importance for river lamprey conservation. Mot
only is it an SAC, it also forms one of the most impeanded rivers
vt e Dise CancBrsen. Mul i e anrhiopage nic ST hune s [ oo
tidal barrage and five low head (<% m) obstructions, of which the
barrage amd two weirs are located downstream of Buttercrambe
wielr) have been construceed inothe lower 50k of the Deraent
[Fig. 1). These mmpede free movement of mulbple Azh speces,
including river lamprey {Lucas et al, 20090 In May 2013 15% gradi-
ot Larinder SAR fsh pass was opened ab Bunercrambe weir, with
the plarpose of alleviating habitst Tragemestarion aisd restoring loe-
gituclinal comnectvity for a variety of Ash species, mcluding meer
lamprey. Multiple sites with bolding habitat [tree roots, boulders
ede. ] Tov lapapr ey are present imemediately dosnstream al the weir,
Mo artificial lighting in the vicinity of Buttercrambe weeir nor the
fish pass nocurred during the study period.

2.2, Fish pass choracremistics

The Larinier SAR fish pass, on the righn side af Burerncrambe
weir, is imstalled parallel to the main mver Tow. The Larinder pass
|eenorece, 10.2m lang internal width 2,75 m] consises of 24 rows
of Super ative stainless speel halles (three per rows, 12 mim chick,
150 mim high L squally spaced [0 m) and locaved aorass the passs
widih [Fig. 2. These baffles are located on the downsiream-facing
ramip of the fish pass [9.8m lang and 1,47 m height difference,
resulting in a fish pass gradiens of 155 ar 8.5 % The ioven ol the
pass is &t 9.1 m above ordnance datum (mean sza level) and the
upstream head an the pass{ha) (540,32 mat Qe IUhas a head loss of
130 vl Qes. Far inigratary salimoeanids and cosrse Mhes (cyprinids,
percids and esocids targeted for recreational angling) excesding
20¢m in bength, a head difference of up o 1.8 mand 1.5 min single-
Mghn Larinder SAR fishways is advised, respectively (Armstiong
et al., #2110y The lovwer operating depth limik for the fish pass =
17 m abowe the balfles, where & value of 010 m for coarse Ash
and 0,15-0.20 m for large migratery sabmonids (s advised (Larinier
eral, 2002 frmstreng e al, 20000 The apper opersting depih
limit is dependent on the swimming capacity of each indnvidual
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fesh species, The upsiream-facing ramp, where baffles are absent,
Is 1.4m long ared has a constructed helght difference of 047 mat
a 33% pradient. There is a 035 m vermical step between The davi-
stream end of the fish pass and the river bed The Larinier pass
Inaingdates fudly ar <0y (L Tummers, pers, ahs, |, The pass's posician
w1 the right hand bank of the river is insmedianely opsresm of &
lefi-berd ol the river, =o that it isupstream of the dommant llow on
the cartside of the hend, therehy potentially facilitating attraction to
Fhee Mskay entrance Toe liah nsoving upstrean. A elver pass [bris-
the substrate within concuit] is located on the left bank, designed
for European eel Anguiffo anguiths elvers and small yellow el

In summer 2014, modifications o the fish pass were made
widl the aim ol enbamcing passage efliciency for anguillifarm fsh,
inchuding, river lamprey. Modified “eel tiles” [Bermy and Escott Engi-
neering. UE] were wertically mounted an the inside right-hand
Mah pass wall (Fig 510 engineering design images available ar
hetpsfbermyescottoo.uk Lamprey-Tiles]. These consisted of 2 cm
thick palypropylens boards (1.02m bong, 050 m wide| each cow-
ered with 72 srod4, propecring s s the fishvay wall, with 1k
boards maounted vertically, adjacent to the wall. Studs weere blunt-
ended cones, Hlmm high and 3 mm base diameter, separated
by 55mm along rows and BEmm at diagonals af the stud bases,
Srudded riles were haused within wall-mounted aluminiom brack-
ets bo provide lift-out boards for cleaning of debris. Starting 003 m
upstream ol the fish pass entrance (edue 1o the presence of a passie
imtegraved ransponder (FT) anenna, see Delow], he riles weene
placed contimuously to the fish pass exit region. 0.3 m beyond the
upstream-most PIT antenna. This allowed for a partially separated
PSS raute ang the right walledge, with increased resting habi-
tat amd recluced fMlow velocities boused within the Larinier fish pass.
Since the Larinder haffles were designed to it the breadch of the pass
and were not modified, the studded riles, which wene apen & the
Berran, enade caniact veitk e Ballle” wpper surfaces, racher thaiy
the fishway's concrete base. While the studded tles did not extend
ta the bed, che arrangement allowed lamprey entering the main
pass 1o access T srudded nsedia &1 aivy poiint aloag The pass,

Hydrodynamic conditions of the Larminier 348 fish pass were
mieasured both within, and at the downstream entrance of, the fish
Pass ar OZ3 M river Seape, welr orest TS m abowe LIE mean se3
lewel, alm head in pass (25 September 201 3, Qgs, no stud ded tiles
in place) [Fig 3] An electromagnetic water velocity meber [Vales
pont madel 801 was used to take an array af poing-measureme s
ol mEan Nosw velociny (50, in m S'I':I. each over & 205 pericd.
Every 03 m along the channel. at a distanee af 0.2 m and 04 m from
thie hed (0,05 m and 0,25 m abese the tap of halfle surface, respec-
rively L seven msasuiensents (equally apaced, B4 m intervals] weng
taken across the width of the fsh pass (238 measurements at

eachdepth, for a gramd total of 476 measurensents ), corresponding
o the number of relatively slow-Rowing lanes (a=d4] and rela-
Tively Tasr-Monwing lames (=3, the Lame ooourring in the Y-apex
regions of the baffles. Based on flow welodty measurements, dis-
charge thraugh the fish pass was caloulated by muliplying velod ity
with cross secrional anea of Now, The propomion of ofal river dis-
charge entening the Lannier fish pass was estimated at 15.8% (25
September 2013, Qgs L

23, Lamprey caphere and togging

B ause carch per unit efarr of fiver lampiey in the Derwent
is bow [lang and Lucas, 2005], migrating lamprey for the sthady
wrre capiured from the Yoroshire Quse in revn-funnel eel pars
[hlasners o1 a1, 2006) aind taken o Burterciaimbe For Tagaing and
release Lucas et al {2005 demonstrated no difference in magration
behaviour of Dervwent-caught and Ouse-caught lamprey released in
The Dierwend, Macal oaming behaviour s absent far thie srromgly pos-
ittwely rheotactic river lamprey (Tuunainen et al., 1960 and river
lamprey in tnibutaries of the Ouse are the same genetic population
[Brackemer &, 2005),

Lamprey T Cegming were ansestherised (srage DL surgical]
using a buffered O gL' solution of M5-222. Total body length
in mm was measured and lamprey wene subsequently tTagged by
implanting a 32 men < 365 namar 423 mm « 365 o PITrag [HOR
Texas Instruments modlel EI-TEP-ERHEP, 1342 kHx, weight 0.8 gamd
LG E in air, respectively ) into the body cavity wio a med -venaral inci-
sl under UK Home Office Licence follosing che Anbmal Scientific
Procedures Aot 1966, A single suture [coated Vigryl, 4407 was used
to close the incision In M%1 a sample of the 32 mm PIT tagged fish
warre alzo tagged with & coded B9 KHZ acnustic rransmanter {dodel
LP-7.3, 18 i bang = .3 men diamerer. L9g in air, 30-605 cade
interval nominal repeat, Thelma Biotel AS, Trondheim, Horeay)
Affter apoustic tagging, the inciston was closed with three separate
aulures Table | shins eraimber s and body lengths of fiver lampiey
tagged solely with PIT tags [23 mm and 32 mm] and deable-tagged
with a 32mm PIT tag and acoustic tag, for the two study sea-
ans, I tocal, 250 lamiprey were FIT tagged in ME51, al which 31
wpre douible-ragged witlhan adousti tag, aml 187 individuals wene
PIT tagged with 32 mm tags solely in M%2. Fish were allowed to
fw—"}' reEcoer (o0, 45 min) in acrated water tefare release 0016 ke
(AT ragged lanspiey] o B2 Koy (acoustic+ PIT ragged Lamprey]
downstream of the weir. Acoastic tagged fshwere released further
downstream to enable upsiream-moving mprey to be reconded
as They appicached the weir,
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24. Telemetry

A pass-through synchrenised Master-Slave half-duplex [HDX)
PIT detection system (Wyre Microdesizn, UK) based upon the
design of Castro-Santos et al (1996) was installed in the Lannier
pass. Antennas made of Gmm diameter, 771 strand, axygen-
free copper insulated wire were placed at the downstream and
upstream ends of the fish pass (2.75 m wide » 1.62 m high for down-
stream antenna; 2,75 m wide, 2.3 m high for upstream antenna |, ca.
Q5 m from upstream exit and 0.3 m from downstream entrance,
Each antenina termanated in a tuning box at the top of a pole posi-
tioned vestically on the right side wall of the fish pass. A data and
power cable conpected the runing bax to the readers and logger,
Power was provided by a 12V leisure battery, trickle charged by a
linear mode battery charger from a 240V AC mams supply.

The Larinier pass antennas were tuned to ensure detection of 3
32mm long PIT 1ag at any point and orientation within the Joop,
with a typical perpendicular range from the loop axis of 0.3 m. The
antennas were also tested with 23 mm PIT tags and while com-
plete coverage was achieved at both antennas in May 2013 [within
a1 month of antenna placement) by October 2013, a detection hole
of ca. 0.5 « 0.5 m was evadent in the centre of the upstream antenna
for 23mm tags For 32mm rags. no hales in the detection Medd

were found, despite repeated. intensive tests over the whole study
pentod, noe for 23 mm tags at the downstream antenna Therefore,
32 mm tags were used to tag lamprey, A subset of lamprey were
tagged with 23mm tags used to determine any possible impact
of the larger tag. Synchronised HDX [Texas Instruments) readers
were used to interrogate the palred antennas simultancously (13
Limes per second |, $0 a5 1o ensure no signal interference, As well as
regular manual percentage detection efficency tests (>99¢ on all
occassons), timed auto-emitter check tags (Oregon RFID, USA)were
used 1o monitor operational efcency of the PIT equipment,
Logging equipment ran continuously (>99.9% of time ) from 31
October 2013 to 26 February 2014(MS1) and from 28 October 2014
ta 26 Febouary 2005 (MS2 ), This is a period that Incorporates over
95% of lamprey upstream migration activity in the Derwent (Lucas
et al., 2009; Foulds and Lucas, 2013). Upon detection, the tag’s
unigue code, date and time were stored. This allowed for deter-
mination of: a) the proportion of lamprey redeased downstream
recorded at the fishway entrance (attraction efficiency ; b) the pro-
portion of lamprey successiully ascending the fish pass, after having
located) the entrande (passage efficiency. (Aarestrup ¢ ol 2003
Cooke and Hinch. 2013)) and <) patterns of visitation to the Lar-
inier fish pass. Attempt frequencies by individual lamprey were
extracted employing 3 1 h minimam interval filter between repeat
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detections, assumed to reflect more extensive searching behanviour
fior atternatiee rowtes andlor extended perinds in the fish pass.
Coake and Hindly (201 3] distingaish srraction [detection in i
pass cutflow vicinaty, o =3 m below the ishway) from entbrance
|detection in the lowest part of fishway| behaviours and define
FRCrance ff:l’h;l:nn_,l as the propartean of fish dereceed in the pags
ouiflow vicinaty which then epter the pass. Perhaps unhelpfully,
detection of fish entering the pass without pror instrumentation
and associated detectian in che fshway carflow has ne definicion
i Coode and Hinch's (201 3) schenmse. In our experiments we oon-
sider the proporion of released lamprey that wnisited the fshway
EAETANCE as an approgriate measine of anraction eficiency, Pls-
crvares [Irds, namenals and Aslh) occur mear Builercrambse v
{I. Tummers, pers. obs.; Whitton and Lucas, 1997] and may con-
tribwte to narural mortality of tagged lamprey, so our attraction
('rﬁﬂ.l‘ﬂi,':.' WHEASUREIAENL 15 & mindmaim estimace, Pagsage cl'ﬁ-rl.rﬂq-
in the Lanmier fsh pass was caloalated only or 32 mm MT tagged
lamprey due to the central detection 'hale” in the upstream antenna
fior 23 mm PIT taggs.

Sk some lamprey cin pics Derwent weirs direcrly by e
man river channel § Locas et al., 200141, amd because PIT detection
ancennas could not cover the whole iver width and depth, coded
65 KHz acousnic transmirtters amd receivers [Wemco VRE2, Halifasx,
Camacla) were used an MS1 1o evaluate pas=age by this route. Three
omnidirectional recetver-boggers were placed at varying distances
[~45- 380 m ) wpseream of the weir in areas af mon-rurkalent |-
mise ) warer, while five wene places] 160-4500m downstrean of
Buttercrambe wedr. &ll eight recetvers were operational from 26
Oetalier 2003 00 36 Felbiruary 2004 Derecrion rad s (45-75 m)war-
ied Iy reeiver, Mo test tags placed a1 amy locaticn desnsime aim ol
the weir could be detected by receivers upstream of the weir. First
reconds of accustic tagged fish at the first receiver downsiream of
the wein weng claszilied as fish approaching [and sTempring 1o
passi the weir, while the same Ash could be detected at the fAsh
pass entrances, by vinue of their FIT tags.

Fer M5, extra PIT ancennas were placed in the Larinier pass to
asgesd N eMicacy af the fish pass aler addition al studded riles, i
addition ta the PIT antennas fixed on the downstream entrance and
upstream exir fram MS1, 3 low-range PIT antenina (3 mim diamerer,
multistrarsd insulated copper wice) was Foomed on the inside ol &
tile 1 m upstream of the fish pass entrance, and wathin a tile placed
1 e helow the upstream exit. Tiles closer to the fiskway ends were
proseal bt et dhasen e amtemnna placement o epsue unigue
detection fields of each antenma arel avoid electrical noise transfer.
Antennas deteciion characteristics were tested nigorously, particu-
larly teensure that tile ancenna decectlons waere Tosr rags wilehdn [ nar
aptside ] the rile, The Four FIT aivtennas rin Conminuausly (=20 95al

thie time) in M32. from 28 October 2014 to 26 February 2005 All
Tiles waere visually inspected and cleaned approximarely every 2
weeels during M52,

25, Envirenmental conditkons and statisriol analysis

Ubivasemically gauged srage and discharge o Bulercrambe
weeir were obtained from the EA Flows were related o the
percentage of annual excecdance [ by using an annual Mo
duracion curve [hicpf v celuacakidara/nifa)dataftime_series,
hbmd 727041 L Water temperature was logged at 1 h ingervals ( Tony-
tag, TG-4 100, 150 m downstream of Buttercrambe weir,

Camsal Multiphysics 5.0 was used o creare fish pass velosity
profiles from empirical data. Differences between numbser of detec-
tions and attempes by lamprey at both fish passes (between M51
ard M52 Mann-Whirney L oest; Between release dates within MS1
ar M52 Krusksl Walliz rest) and eecrs af eeviionmsental [actars
[ General Enear miodel (GLM)] were analysed for significance using
SF35 22, R 3,20, was used tooreace pats of deed activity and to relane
ervitonmsenral Tactors to lampiey attemprs imade ar the =l pass,
Data were exarmined for normsality and homogensity of vanance
before determining suitability of param24ric or non- parameric sta-
tistical approaches. Benjamini-Hoachhe rg commections were made t
multiple-compan=ons of non-parametnc data,

5 Resulis
%1, Fish pass efffciency and time faken do kcare e pess cafranmce

Although 315 out of 350 lamiprey released below Buttercrambe
waelr wene detectedd ar the enrrance of the Laninker fish pass in
M50 [anracton eficiency. B0EL anly one (03%]) sucoesshally
ascended it duning the penod 31 October 2013 to 26 February
2014 (119 days] (Tabde 1) There was no significant effect of tag
size and double-tagging rreatment an the numbers of lamprey
denected o1 the Larinier pass (3% test di= 2, g = DA%, P=0,603),
‘When comparing time to first detection for indvduals tagged with
3w or T2eam PIT tags on palred relesse days (a=2], in the
fivsn melease 32 mum Lagped Lmprey were detected in the fshway
soomer than 23mm tagged lamprey [Mann-Whitney: 0= 169.5,
Lo 2 I3, P=UALT; Z3mm tags, n=1Z 3Xmm tags, n=535], a
O DT AT O UTCONSE, S0 EEestimg i tag burden impacr. Nodig-
nifscant difference ooourred for lamprey rek odon 21 Mo I
2013 [ Mann-Whitney; U= Z79.0, £« —0LE75, #={.341; 23 mm tags,
o= 307 32 mm tags, n=271

Dariiigg MS2, witly lampaey Ciles inscalled o the inner side aof
thie right wall of the fish pass, 16% out of 197 released lamprey

294



J5 Tumuners 8 of [ Eoelagion Exgitesnieg 51 (700S) 1F2- 154 8%

~ ]

T

SHIHFHTHHIHE

b]_
FEEFETTRERITITINIT

Datg 32

Fg. 5. (3] Durvadbatiee b af lampresy o Rbermyg sl Hacky ma mobee roflan prey derecred anthe fish poss enoranee [das bedand nombes of lamprey sucoesfully sscending
Ebar Enh s (grey) in K251 and [b] i RS2 Koie tkak dunng MY, orr leepeey secomsiolly asended ehe SAE fish pas on G802 014 Arcows indicaie teleass dai.

enlerad the Mslveay (858X srraction eMiciency ) Twelve lamprey
(715 passage efficiency| weere successful inmascending the fish pass
(Tabde 1] all of which used the tile-route. Om 18 December 2014,
e ol the riles were found o B misaing (both bocated directly
wp=tream of the lower instrumented tile L These were not replaced
as the brackets were bent and would have required ishway closure
for repabr. As a result, che tile-roure was suhseguently discantini-
oug; during this period no Cagged lamprey dertections were made ag
ithe wpstream tile PIT antenna nor 2t the upstiream exit PIT anbenna,
hiur the detection rate & the downstream rile PIT aneenna fell oo
23A% (15064) al the rate price 1o 18 Decernlser 2014, while the
detection rate of impreys entering the pass fell to 459.0% (74{151]
of the rate prior to 18 December 2014,

OF the 315 lamprey which emtered the SAR fish pass in MS1,
158 [50.2%) were detected at the downstream antenna withan 24 h
of release. In M52, 105 out of 169 [G21%) of lamprey entered the
pass wichin the same pericel, There was no significant difference
in tirme o logace the feh pass betwesn Che Dwio nbgrating sea-
sons (M3); median time=25h [range: 1-1386h]; MSZ; median
time =6 h [range: 2-2074 h|, Tahle 1; Mann-Whitney: L= 24200.0,
F=—1LES0, P=00009], Excluding lampiey (har fever lscated the
fish pas= during the study period, there was a =ipnificant differ-
ende in time taken to locate the fishway across the siv release
dates in MS1 (Kruskal Wallis! H=2671, dl=5, P« 0001 Using
posi-hoc paireise anaheses (Mann-Whatney U corrected with
EBenpamini-Hochberg falze discovery rate ), significant pairsise dif-
ferences were Towand in F51 between release dates 31 Oconbser-06
Moyember, 31 Ocrober-21 November, 31 Qorolser-26 Nowvembser,
i her-21 F Bier, 14 Mo ber-21 Mowernbar, 21
Movemher-06 December argl 26 Movember-06 Decemb=r. For
M52, a signifcant difference was Foumd Tor time caken 1o locate
the fish pass across frve release dates [Kruskal Wallis; 1= 1140,
df=d, P=l022], but after post hoo pairwise comparisons corrected
T False dliscovery rane, no significant dilference was apparent.

3.2 Fish pass asoenr ainerspds

The 315 river lamprey thar locaved the fsh pass in MS1 bad a
mean attempt freguency ar the SAE pass of 104 [range: 1-177)
while the 169 individuals released during the 20014-2015 migrar-
ing season attenypbed the fish pas= 7.3 times on average (range:
1-28) over the whaole study period. Many lamprey were in the
whicininy ol the Rslvesy Tor a poslcnged pericd in both study seasons
(Fig. 41 While 62 indlividuals [ 19.7%) were only detected at the SAB
enirance within 10 daws of release, a substantial proportion [ 33, or
1045 were present downstream of the welreven fram 50 -5%days
afver release in MS1. Aler modifcatian of the ish pass 61 (36.1F)
where detected withan 10 days after release, while 16 lamprey (95)

e in [l iciniry of Che pass 30-39 days ollowing release [Fig. 41
Imd iwicl wal Lamnperey vwere delayed for a mean mindmans of 328 and
165 days, for the frst and second migrating season, respectively.

Temporal parerns of river lamprey visits o the SAE pass
were alfected by day of release as well as nver Bow (hg 5).
Using 16 Jamuary 2004 amd 2005 as cub-off dates, after which
negligitle nambers of lamprey were amempaing 10 pass the SAE
Misly pass, bor when river discharge wis markedly Bigher rela-
tive to the preceding part of the study penod for MS1 (Fig. E],
rthe numder ﬂf.:m'rr.pts miade a1 the I’Iﬂhway was pasitively bar
weakly affected by river Mo in MS1 [GLM: Fy g = 4964, F=00029,
F¥ = (L0GE]. There was no relationship between water bemperatare
| mezam + 50 durning MS1: 5549 24093 °C) and number of attempis
in MS1 [GLM: Fyap= 1893 P=0173, B = 00261 Combining flow
and water bemperature factors gave a postive relationshap with
attempt frequency (GLW: Fige = 3.719, P=0029, BY =0097). By
cantrast, in M52 (water temperature mean + 500 504+ 1.00°C), a
deminant Now elfect was Toand (GLM: Do Fy o= 15,086, F<0uad],
R = [L16Y]; water temperature [F) 7= 1778, Pa 137, &7 = 0029);
fow plus water Temperatune (Fays =7.538, <0001, F2=0171),
Thee lvighe s mismnbsts ol ivdividisals Setected an the zh pass in o day
was, for M51, on 17 December 2013 (182 lamprey, 525 of lamprey
released at the time, mean daily low of 22.7m s (0], mean
daily water terperature af 7.18°C, Fig. &), For M52, this wis on 18
December 200 4 (B4 lamprey, 32 5% oflamprey at likseriy at the time,
miean daity fow of 223 m? 51 {55, mean dadly water temperatare
of 628 ', Fig, ),

Nor including release dares, in MS1 and M52, 5885 and 50.1%
of attempts respectively [with a mimimum interval of 1h) were
made afver evening civil twilight and before marning ciwil revilighe
rimes for the localicy. Lamprey atmensprs were made pamiculary
during late afterncon and earky evening, when transition from light
to dark conditions is(close tobe | completed during late awhamn and
winiber. For botl seasans [Fig. 52

3.3, Acoustis relememmy of lamprey approacking e weir

I ST all 31 double-tagged [PIT and acoustic] river lamprey
were lgged ar the first acoustic receiver upsmeam of the release
sile, Twenty mine (93.5%) lamprey visited the weir, and 20 (64.5%
of total] did so within 3h of release. Based upon bme of Grst
and Lst defection at successive recenvers, these had a net speed
el Eronie] of 034 body lengihs per secand which, combied
with the average water velotity in the reach under these con-
ditions [(R3Tmis- 1), gave an average sustained swimming speed
of 1,30 hody lergihs per second during the apsmeam misee ment,
Althougl 93.5% al acoustic-Lagged lamprey visited the weir vicin-
ity, fewer (23, 7423 visited the SAB pass and none ascended it

295



153 A Taovreers eral f Eosogica! Eeginsering 91 (2516] 143-134

| 18"

gl ml & JI"-I'I-_:-- \I—'-.-u- . "‘:*]I‘b‘ﬁ_—_ﬁ-_-—.

ar-ig I6-11 &i3  ¥6-11 IR1 43 -3
Dt s MIS1

L T

= |r| [ | r"lp

U L o=
sl =) @) bt Tl B Al A e it
17=10 1611 &1 2613 451 &1 &7
Db i S

HE- & (2}, (k% dser af pasagr

rapin, ining a =1 h miveeal Sive brivween yecoesusy attemgin far the same

h’!'lll

[ TR
=
-

3 '
v
i B | B |
= fL g
wl Eml w] e e e e — b

2740 1611 6123 1612 151 43 242
Dt I M52

lrn-rlm.
B b =05

Ll k)

L]

i
is

ol ad ad e e e e e et

ITI0 11 S 347 11 43 3ea
Db Iy WS

I relative b2 ardd nver

fischarge per date i WS and in M52 respecively, (0L (40 Burnber of g e L peey per day deneoted 3 dowreimeam emranee of Ash pas relaive o e sane ansd
riwer dischor ge per date i P51 and in MSE regpectieely, Bald hlack: numbey of sivenspis/Lan prey; docied Back: iemperatime [ Cf; dashed grey: river dischorge m? -

Four of 29 [13.5%) acoustic tagged lamprey that vissied the weir
wicinity were detected at acoustic receivers upstream of the weir;
nonie subsequently returmed  downstream. Water levels in M50
[F1 V200 3261027201 4) were nod high emough e overtop banks
at the wedr and create extra spillways around the weir (occurs at
<51 These four lamprey are therefore inferpreted fo have ra-
wersed the imain Chanmel weir, The Four successful lamprey pasied
at Mosws of 13.8m" 51 [Qeq], 188 m® s " (Qgp), 33 m? s (1,0
during which tailwater levels were elevated, bt the weir was not
Tally drenwmed], and 43 9m" 577 (0w, 81 which e wedr was nearly
drowned [|. Tummers, pers. obs.),

4. Dizcussion

European river lamprey did nar efectively use the Larineer
SAR fishway, a design widely used in Europe at low-bead struc-
tures, alten with the alm ol passing a wide range of fish sprcies
[Armatrong er al, 2000 Lariaier et al, 2002), The unmodified SABE
pass exhibited similar sttractiveness and low pas=age efficiency to
that foumd by Foulds and Lucas [ 2013) for iver lamprey at pool and
wielr and Dend] passes on the same river, using similar methods, A
frty times hagher passege rate was observd for double-ragged
|acoustic and PIT] lampreys (albeit small sample size] at the weir
itself than through the SAR fishevay, even though the weir was
mever fully divwned, ArtractionefMcie ncy was high in botlh M5 1and
P52 (90,15 aned 8551, respectively] and numerous ascent attempts
were made at the fishweay [mean attempt frequency per mdividual
lamiprey of 114 and 7.3 in M50 and MS2) under a broad range of
o ponditions. RBeported attraction efficiency in this shudy i= a
I ndmanm, sinee it is possible that some FIT tagged fish lingening at
the dewnstream antenna hlocked detection of ochers (Cooke o1 al,,
20121, and also hecawse soime Tagged lamprey are Hkely 1o hive
been predated before visiting the fish pass. The mapority of lam-

prey had located the fish pass within 24 b of release (50221 in M51,
H2.1% in M52, indicating strong motivation to pass. This suggests
that sameelement of the unmadified SAE greath inhibited lamprey
aservl, Tt eal Chissir ATTracrioe T [l puss,

The most obviows candidate factor inhibiting lamprey ascent
in the unmeadified SAR wauld be excessive fow welocity, exceed-
ing the swimming Capabilivies of siver lamgpiey, Modellad soerage
welogity [Lanmier et al, 2002; Armstrong =t al., 2010} abowe the
baffles for the ummodified SAHR pass vanied from 1.3ms—" at Qg to
LEnms " ar Qyg and inexcess of 2ms " ar Mows greater than Q.
Observed burst swimming performance of iver lamprey is known
to be at beast 2.12ms-"at 12.6°C for an expeninsental undershot
warlr [Russon and Kernip, 2011], althaugh 1.5ms-" may b= a e
typical valse (Kemp et al, 20110 In Finnish studies this apecies
[ 25-30¢m long, smaller than our 35-40 cm Mumber rver lamprey
has been shown o successiully ascend hristle-lined vertical slat fish
passes in Findand with masxisnum Now selocities of 14 ms " [Laine
et al, 19551 River lamprey are thigmotactic and bed- amd edge-
orientated during passage of obstructions (Kemp et al, 2011), and
like ather lamprey species are effective ar ucilising slwer arcas
(Keefer et al., 20011; Moser et al, 2015), indadimg boundary layer
regions [ M. Lucas, pers. obs. . Our empirical measarements of fow
welochty at Qgg demonstrated three- oo four-fold regional varations
in warer welacily horizantally across the fish pass (Fig. 31 High-
e=t walues of flow welooty occurred at the V-apex regions, and an
approximarely two-ledd difference in warer velocity was measured
bttt deprhs oF 5 om and 25 i absde the balfles (Fig 31 Theie-
fore, at higher mver Nows with a modelled above-baffle velocity
estimate of 1.4ms-', one would =il expect regional velocities
1o be werll wiithin limits explaitahle by river lamprey. Undoube-
edly the distance of the high-velocity zone to be traversed in the
Buttercrambe SAHB fishway (92 m to crest) is more than the val-
wes of 1-2 min labaratory swimming perfarmance studies (Kemp
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e al, 20012 Ruadsemn and Eemp 200 1) Howeyer, like athai lamprey
species, river lamprey commonly use a “burst-attach-rest”™ mode
of locomation, enabling partial recovery between burst swinming
Boirs a5 ohserved for ses amgrey (Ouinnelly o1 al, 2004 ), and this
might be expected to facilitabe 548 passage by niver lamprey.

& more likely reason for river lamprey failing to ascend the
unmesifiedd SAR fshawvay relates tothe bed-mownted baffle plates,
Slonwing of aversge warer velociny in SAR passes is achieved by the
baffles creating helical cummends that dissipate enerzyi Larimer et al,
2002 ) Inevicahly this generates a large amount of arbalence abosve
ardl B=rrween the balfles. Keefer o al [2000) demonsorated Pacil
lamprey to have major difficulties in the transition from station-
ary attachment to resuming upsiream mosement under turbalent
conditions ar halkhead challenge s The majaricy of lamiprey failed in
re-abtachang and comseguently werne swept dewnstream. Mentical
difficulties have beenobserved for river lamprey within a Denil baf-
e fish pass (W, Foulds, pers. comm, )L Vo es (2012 ] found no effec
al lagal narbulénoe an passage suocess ol river limprey i labora-
tory studses, althowugh hisexperimental desgn examined smplifed
lncalised murhulence generated by a single cvlinder, unlike in a
halle fishway. For river luimprey, with an anguilliform bedy maor-
phology lacking paired fins that facilitabe stabality { Liao, 2007, the
cumulative effect of sttempting to traverse the 24 rows of haffles
present in che Larinier Rsh pass evaluared in our stady 15 there-
fore likely to be considerable. Such comditions may strongly inhibit
contimued upstream progression [performance] or might stimu-
late lamprey to give up, move downscream and seek an alcermative
wenite [yolitional belasiour], Fumbermore, bed-mouanted balfles
mizht inkibit the natwral thigmotactic, bed-orientatesd upstream
mowement hehaviour of lampreys and cause rejection of this envi-
manemnent, n Chis studdy, Ballle unics were appreosimatedy 40 om apart
{=lightly greater than an average river lamprey kength) and 15om
high, common dimersions in SAE passes. A typical lamprey pass-
ing a haffle and mowing ro the bed o artach wsing it aral disc,
part-way between adjacent bafles, could therefore trail its tail
over the downstream baffle or be bent within the baffle unit. In
elther case they are subiject ra hielleal mailent flow, which paren-
Tially causes pejectin af the local ensiranment and Snvsineam
movemnent. Obhservation in st at the SAB fishway was not possi-
hile because af lw wisibality [Secchl depeh ea, IFE-0,50m during
the srudy) amd entriined ais, Deteiminanion of whicl af e e fs-
fors 15 respansble for failure of lanyprey to ascend the unmodiGed
SAB requires experimental flume stadies. Determindng the reason
whyriver lamprey repect SAR baflles has wider relevanoe as it mighe
apply to other lamprey spedes including landlocked sea lamprey in
thie Laurentian Great Lakes region In that region, provision of selec-
tiwe BarTIers that prevent sea lamprey passage, bt slow passage
al ofler migraring fish @ & key ohjecrive [Pram er al, 2009),

Understanding how river lamprey directly pas=ed the Crump
Wi in chis study deserees conshderatian, since tvplcal Tl v s -
iy il be expicted tobe in the region of 3ims ! fir this Twpe al
structure, beyond the burst-swimimang performance of river lam-
prey [Husson amd Kemp, 200 1% River lamprey are known to pass
drovwned weirs [Lucas e al,, 20097, bt for ealy ane of lour acoustic
Tagged lampray pasaing the wieir in this snedy was the weir alimoest
drowmed, not in the other three. No alternative roubes other than
the withr and fsheway were avallahle, Since anter Lurra fwma, grey
herom Arded cisered arsd goosarder Mergus mesganser have been
ahserved at the =ibe it i= possibde, but very unlikely, that one or
more acoustic tags could have been ingested by a terrestrial preda-
T waliich Ui e upstreans Qe da vl ingesn wihale lamprey
prey (M. Lucas, pers. ok ), amd several tags from our study ve e
found on the left bank at an cater feeding =ite, 10m downstream of
the wielr (], Tummeers, pers, obs ) Grey heron and goasander have
been abserved very infrequently in the Seep warer immediarely
upstream of the weir, compared to the shallower area downsiream

1 Twmeners, M. Lucas, pers, ol (5 an experimental Tuime, fiver
lamprey failed to pass a Crump weeir witha mazimum mean velocity
at the weir Buce of 230 ms-! [Husson et al, 2011], although those
experiments enmgloyed much lewer woanes deprlis o1 the weii Tce
than oocurred ab Buttercrambe. Therefore, it is kely that lamprey
negotiated the weir by searching for lower-velocity edge areas or
crevices belore passing i see also Eemper al,, 2001, Since the wedr
iz it & good stane of reqain, the most likely e was o1 1he junc-
tion bebween the wing-weall and werr-face, smoe lamprey have been
pheserved accumularing immediacely doswnstream of char lncality
during bowe r-Mow, chear-warer conditions (M. Lucas, pers. obs.].

Far Pacific lamprey, it has been shown that high energetic costs
during migration [eg. frequent athemnpis at a fish pass) may impact
the imdivicial's foness, lkely compromising bath hehavioural and
physological processes crucial or seooual maturation and sucoess-
ful spasendng [Mesa et al., 2000 ) This is especially problematic for
lampreys, including river lamprey, as their gut degenerares and
Fevding (¢, energy intake ) oeases when adulr lampeey enter Nresh-
waker or Eheir upstream magration [Lucas amd Faras, 2001 ; Moser
eroal, 2005) Thew have a fixed energy reserve and ane semed-
parcus. individuals unable o locane suitalde spawning grovnds
have zero fitness. Foukls and Lucas (2013} also recorded hagh rates
of actempits by river lamprey o ascend fish passes. While adaption
of “hurst-artach-res” lecomation might delay exhaustion during
ascent attempts, full recovery by staying attached to substrate far
a prolooged time 15 unlikely. In electromyogram telemetered sea
lamprey negodiaring rock weirs, an increasing onset of fargue was
recarded afer each bussr mosemest, likely resulling lrom mesuan-
ing Burst swimming without fully recovering physiologically from
preceding efionts (Quintella or ., 2004],

Lo elficacy of Che SAE liahway an river lamprey i3 also relleced
im migration delay, shown in thas study to be considerable for both
spaw Ing seasons [mean manimum delay days for indnvidual lam-
e wiag 3R and 165 days for MS1 and MS52). These migration
delays below the weir are underestimates, as a large proportion
of lamprey not reconded as passing upstream may be regarded as
being delaged lor the #ncire study perind rather than the perled
Berveein st and last derecrion &8 used in this soudy. & S=lay in
migration can increase physiclogical stress. susceptibility to dis-
ease | Loge ot al, 2005) and risk of prodatian | Reman o al, 15491
Feake ef al., 19970 Predation of lamprey dise 10 oflér oocurmid
during this study, a= lamprey mortalibes together with loose MT
Lags, an acoustic transmitter, and otter spraints were located below
Barrercrambe wiir. Furthermoens, pisciwonous rds grey beron and
poo=ander have been obeerved catching river lamprey (L Tummers,
M. Lucas, pers. obs |, and northern pike, lnown to pred abe river lam-
ey, ane ahundant ar the welrpanl (), Tummers, ungieblished dara),
Lucas arel Barss (2001 ] argee that Do schieve eedtive redonnee-
tinm of fragmented rver sections for disdromous species requires
a minimum passage eficacy af WIE per site, because of cumulative
Ieases ar sucoessive abstackes, Aooess 1o spavrmng labitst for river
lamprey on the lower Derwent i poor; Locas ef ol [ 200690 repaorbed
421 of lamprey spawning habitat on the lower Derwent ocourmed
upsl:rf.imnl'llur{rcramho wir, where an averageandy 1,85 of lam-
Pty spaviniers oouited, Based Ga our pesults, river lampaey in The
loweer Derwent are severely affected in their spawning migration,
and consequently profanly alse in their Amess,

Lite arher lamprevs, adult Eurapean siver lamprey probaliby
u=¢ 3 combination of cues to guide their spawming migration
[Measer et al., 2015). Aduli river lamprey are sensitive to putative
pheraimnoies reldased By Treslvwater larval river langrey (Galion
and Lucas, 20065 and this likely plays a role in their apstream
migration in a manner similar for sea lamprey [(Wagner et al.,
0 Wrere et al, 20010, 2011, K is alsoowell dooumenoed that
river laimnprey exhabil posirive rheoraoos, moving ugstream agairmt

the river current, wherehy migratory activity is positively corre-
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laved with river discharge [Masners e al., 2006; Foulds and Lucas,
2001 3; Aromsuu et al, 20051 In our sthady, the frequency of passage
attemnpts and number of lamprey recorded at the SABR pass was
posirively cormelated wirly riser Moy, But only wieakly in MS1 when
earty autummn Nows were unuswally low, amd stromg attraction to the
fshway accurred even duning low lows. During high flow events,
peaks in detections at the fish pass were logged in both years. River
latnprey ave pegarded i megarively photoracric during thein spasin-
i migration [ 5joksrg, 19800, buk this study and that of Foukls and
Lucas (2013) suggest a much wider range ol actiwiry than cypafied
Iy Choe s rurnal Beehavious of lamgpreys, River lamprey swin ¢lose
to the river bed, where Now veloaties are lower(Lucas e1 21, 2009;
Kemp et al, 2011% As water levels rise, light penetration to the
river hied is decreased hecause of higher murbieiny and increased
weater depth { Aronsuu et al. 2015) and risk of predation is likely to
be bower, which may partly explain increased migrabory activity,
I lsdimg By day, during elevated water levels

Fish Swimnaning capacity typically decnsases with lwer waler
temperatare below the thermal optimum (Wardle, 1980; Videler,
1943, Higher water temperarures, below the thermal optimaim,
enhamce recovery from exBsustive exercise (Wilkie e al, 1857)
and ircrease the potential for serabic achvity wsed for sustaned
swimming (Goolish, 1989; Videler, 1953 In our stady, no effect
of warer temperarure alone | mean -+ S0 during MS1 5594093 °C;
M52 5.04 = 1.90°C) was fourdd on the rate of pas=age attempt=.
Aronsuu et al. [2005) wentified Fionish autamn-migrating river
lamprey 1o he chermntactic, inthat increased acthvity was eriggened
It 4 queick, relarively large decreass in waler temperaure, bul as
temperatuares fell clase to freezing they became stationary inwinter
hedding-hatdtar, We Teund that lamprey were inactive inartempi-
i Chee fish prcs diring relatively lodw waner teimperatuies (oa 2°C)
at the end of M52 when miver lamprey wpstream megration act-
ity in the UK has ceased anyway. Othier studses have shown waner
remperature to have impartant implicatians for fish passage; adult
Atlantic =almeon [Sadmo solor) had magor difficulty ascending a fish
ladder in a Scottish river when water temperature was below 8.5 °C
|[Gowans et al, 1999, and Rustadbakken ¢t al, (2004 ) found that a
i i Morw Termed an aBTnscTion Do upTream migrating adull
browarn troaat { Safme trwtta) at oo, 6 °C ot ae oo, 8 °C free passape was
recordied,

Melification ol the SAR Mshway with wall-mounted riles
increased passage efficiency by over 20-fold, from 0.3% o 715 This
is promdsing, but ot is stll well below the 90X efficiency target that
Lucas & Raras (20 ) suggest is appropriang, Reduced kocal Ml
velocity m combination with increased avalability of resting habi-
tat wiithin the files may have facilitated increased passage. Two
of the vertically aligned lamprey tiles were Toand m b missing
oy 18 December 2004 (both located just above the downsirean
instrumented tlel likely due to debris damaging the brackets in
which the tiles weere fitied, Passage efficiency Tor the whole study
periad in M52 was 12/169 [7.0%) and belore riles wene missing
it weas 120151 [7.9%]1 This date was 52 days into the 2014-2015
study period [ouwt of 122 days (42.6%]), although detections at the
miain H;hw.iy entrance show that n MS1 and MSE licde migra-
Loy &Criviny accurned in January snd Felisary andewiy. Durivg The
second perind the tile route was discontinuous and although lam-
ey could emter the riles ar the hacram, its efficacy was likely
compramised. Indeed, no more lamprey were decected ar eitker
of the antennas located at the apstream exit of the fsh pass after
18)12) 2014, Thas, lamprey only ascended the fishpassin M52 when
Ciles were i\ a continaeuas arrangensent and all sucgessTul lamprey
traversed the fish pass by using the tile-route. Increasingly, studded
tiles are being installed on the downstream face of sloping weirs,
an appraach which has heen liboratory-rested successhally for eel
elvers [Vowles er ol 200 5] and Far river lamgiey i Che labaratony
[A. Wowrles, pers. comim] with quite encouraging results, Similar

resulns were Found during orisls wich these tiles For sea lamprey, an
the River Mulkear, Ireland [ B Conchir, pers.comm. jand in the lab-
oratory (UL Reinhardt, pers. comm ). There is therefore a pressing
need 1o carry ol well-planied, quanticative trials al the efficacy
of studded tiles mounted on sloping weir faces, and combination
fish passes [as here) under field conditions. Bristle elver passes are
unlikely to b effecrive for passing river lamprey, since pdlat PIT
telemenry @udies ar Burtercrambe have demanstiiared low entry
rates and zero passage (L Tammers, unpuablizhed data).

If unnndified ans tide-madified Larinier SAE passes affer inade-
quare passage for river lemprey, what other Tslwas oprions an
available? Mature-like amd lowe-gradient vertical shot f=h passes
are more appropriate for providing passage for a range of river-
ine taxa, including lampreys (Rodriguez e al. 2006; Pram et al,
2009; Mooman et al.. 20021 In Germany, on the River Elbe, 88% of
PIT tagged river lamprey used a double slot vertical fsh pass with
0,10 m draps herween 9 m long bazing ata VEslope thagh che pias-
aagd elfickency was mal staed [Adam, 20020 Keeler er al, (20010
demanstrated that for Pacific lamprey, passage duration can be
reduced ardl success rave can be increased, espeoally under high
Mivwr pegimmes, by memoving or medling sertical sweps amd ather
sharp-edged cormers and by providing adequate sttachnsent sur-
faces. Radso telemetry by Aronsuu eral (2015 identified a passage
efficiency al TIEE (r= 100 of river lemprey chicugh a natare-like
fish ramp at & lowe-head weir, while none of the=e lamprey passed a
SAB pass, located at the same sibe. High passage efficiencies through
o v maesderate gradient nature-lke ar rack-ramp fish Passes can
likely be explained by the abundance of 2ites suirtable Ter aral dize
attachment amd heterogeneous bvdrodynamics, faclitating their
use by so lamprey, Hewsswer, Bunt o1 al, [2002) decumented the
Tiequent coouirence ol pood artraction efficiencies of palane-like
fish pa=ses because of low atirachon flow or unsuitable siting of the
fish pass. As with all fish passes, careful attention to site selection
improves bt fish attraction and Passage,
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