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HIGHLIGHTS GRAPHICAL ABSTRACT

Connectivity is severely altered in rivers Pl Riiganci ik Bk is & Wi i ra s i -Uppa raed
and has critical effects on fish persistence.
Fishways have been postulated as relevant
management tools to sustain fish popula-
tions.

Dominant fish species used both nature-
like and technical fishways.

Fishways provided key compensatory
habitats mainly for small and juvenile
fish.

Fishways should be considered for apply-
ing successful restoration in Mediterra-
nean rivers.
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relevant for future management strategies. The present two-year assessment showed clear ecological contributions
of different types of multispecies fishways in the fish assemblage of a strongly modified Mediterranean-type river.
Just after their implementation, early and extended use by dominant river-resident fish of both naturelike and techni-
cal fishways were observed. All fishways were used in different seasons, especially during the migratory periods by
potamodromous cyprinids, suggesting a possible use as migration corridors. Fishways also may provide compensatory
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Keywords: habitats for small and juvenile individuals throughout the annual cycles, mostly for rheophilic fish inside nature-like
River connectivity bypasses and for limnophilics inside technical types. Fluvial habitat characteristics and lower flow variability inside
Restoration the fishways could favour their role as a fish refuge, mainly to juveniles of cyprinids, in heavily regulated rivers
River-resident fish where large flow fluctuations occurred. Nature-like fishways could be a better option to function as a compensatory

Nonnative fish
Fishways
Fish movement

habitat for rheophilic cyprinids in Mediterranean-type Rivers, even more because their use by large nonnative
limnophilics seems to be very scarce. However, technical fishways could offer the opportunity to establish control
traps of some nonnative fish, which could be of interest to reduce the risk of spreading invasive fish. Therefore, fish
ecology and local hydrology should drive the decision between the types to implement. The obtained information
on the ecological functionality of multispecies fishways should be considered for applying successful river restorations
that are demanded by water and wildlife management schemes (e.g., the European Water Framework Directive).

1. Introduction

* Corresponding author. The loss of connectivity due to anthropogenic barriers within river sys-
E-mail address: ana.sanchez15@um.es (A. Sanchez-Pérez). tems is among the main emerging threats to freshwater biodiversity (Reid

http://dx.doi.org/10.1016/j.scitotenv.2022.154613
0048-9697,/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.154613&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.154613
ana.sanchez15@um.es
http://dx.doi.org/10.1016/j.scitotenv.2022.154613
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

A. Sdnchez-Pérez et al.

etal., 2018). These artificial barriers are built to meet human needs such as
increased energy demand or the expansion of irrigated agriculture, causing
severe ecological, hydrological and geomorphologic changes (Olden et al.,
2010; Vitousek et al., 1997). Almost half of the global freshwater volume
has already been altered by flow regulation, with the Iberian Peninsula
being one of the world's most artificially water-regulated regions (Brink
et al., 2018; Hermoso and Clavero, 2011). Fluvial connectivity is essential
for river dynamics and for the resilience of freshwater biota (Pringle,
2003). As a consequence, artificial obstacles that impact on key environ-
mental variables (e.g., water flow, temperature or substrate composition)
may potentially induce changes in freshwater community composition
and structure (Jones et al., 2020). The fish fauna is especially affected by ar-
tificial barriers such as dams and weirs that preclude population connectiv-
ity and migration (Branco et al., 2017; Silva et al., 2017). As a consequence,
mitigating the effects of river fragmentation is a priority goal of the
European Commission to achieve the good ecological status (based on
chemical, hydrological and biological indicators) for river systems required
by the EU's Water Framework Directive (European Commission, 2000).

Reducing the effects of river fragmentation is essential to restore fresh-
water ecosystem functioning (Pringle, 2003). However, the implementa-
tion of generalized solutions is difficult due to the specific characteristics
of each river, its particular fish community and the effect of each obstacle
on the complex dynamics of river systems, which requires a regional or
even local approach for successful management (Nilsson et al., 2005;
Kemp and O’Hanley, 2010; Teréncio et al., 2021). To mitigate the negative
impact of non-passable barriers on fish populations, fishways have been im-
plemented as a useful restoration tool when barrier removal is not feasible
(Katopodis and Williams, 2012; Silva et al., 2017). In the past, work on the
design of fishways has generally focused on species of high socioeconomic
value, particularly salmonids, with limited success for other non-
commercial fish species (Mallen-Cooper and Brand, 2007; Noonan et al.,
2012; Roscoe and Hinch, 2010). However, in the last decades, a more holis-
tic approach has led to the implementation of new designs focusing on a
wider range of species to maintain the whole fish community (Ackerman
et al., 2019; Stuart et al., 2008; Thiem et al., 2012; Tummers et al., 2016).
These multispecies fishways have not only functioned as migration corri-
dors, but have also been used as new compensatory habitats for both migra-
tory and resident fish since they could offer resources which are declining
in strongly altered river reaches (Calles and Greenberg, 2007; Pander and
Geist, 2018; Pander et al., 2013).

Despite the fact that most fish species are of low economic value, the im-
plementation of fishways is currently focused on maintaining the entire fish
community, since these engineering solutions contribute significantly to re-
storing fish movements and population connectivity (Kemp and O’Hanley,
2010; O’Hanley et al., 2013; Tummers et al., 2016). Taking into account the
wide diversity of species with different biological requirements and strate-
gies to deal with passage facilities, successful fishway design and imple-
mentation requires a multidisciplinary working group that involves
experts in ecohydraulics, fish behaviour, policy and socioeconomics (Silva
etal., 2017). However, just as important as the design process is assessment
of the effectiveness of fishways once they are operative (Odeh, 1999;
Roscoe and Hinch, 2010). In fact, monitoring programmes are essential to
understand the response of fish assemblages to passage facilities, enabling
us to maximize their performance and improve future fishway designs
(Cooke and Hinch, 2013; Kemp, 2012). Furthermore, the selection of the
appropriate fishway design to implement depends on various requirements
(e.g. logistical limitations or economic resources) (DVWK, 2002; Travade
and Porcher, 2002), and assessing the use of different types of fishway
under similar environmental conditions enables comparisons and helps in
the design of future successful implementations.

Although the construction of multispecies fishways has been increasing,
there have been few studies concerning their use and effectiveness with re-
gard to the entire fish assemblage in Mediterranean rivers, such as those of
the Iberian Peninsula, where the scarcity of fish species of commercial
value limits funding for assessment of the effectiveness of implemented
fishways (Noonan et al., 2012). Most Iberian studies have focused on
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providing robust information on target species, mainly endemic cyprinids
(see Hershey (2021), which positions the Iberian barbel (Luciobarbus
bocagei Steindachner, 1865) as the fifth most studied species), addressing
fish passage to improve fishway designs (e.g., Branco et al. (2013); Bravo-
Cérdoba et al. (2021); Romao et al. (2017, 2019)). The use and effective-
ness of fish passages for whole fish assemblages has rarely been studied in
this region (Aparicio et al., 2012; Ordeix, 2017), and comprehensive field
assessments are usually limited to the reproductive periods of some target
species (Sanz-Ronda et al., 2019, Sanz-Ronda et al., 2016; Silva et al.,
2015). In sum, approaches focussing on basic ecological knowledge under-
pinning the need for effective fish passages within a fish assemblage
(e.g., temporal patterns of fish passage use) remain scarce in the literature
(Silva et al., 2017).

The present study was developed in the context of the fish-based moni-
toring of an extensive river restoration programme, the LIFE+ Segura-
Riverlink project (Oliva-Paterna et al., 2016). Our main aim was to validate
the implementation of multispecies fishways as a useful tool to restore fish
population connectivity. We investigated the use of five fishways of differ-
ent typologies (nature-like and technical) by the fish assemblage over two
annual cycles in a middle section of a Mediterranean-type river (Segura
River, southeastern Spain) by setting the following objectives: 1) to assess
the differences between types of fishways on the basis of use by the
whole fish assemblage; 2) to determine the ecological contributions of fish-
ways for the dominant river-resident fish by assessing temporal patterns
across ecological guilds (rheophilic and limnophilic), movement behaviour
(potamodromous and non-migratory) and the main factors that explain the
patterns of fishway use. On the basis of the ecological traits of the species,
we hypothesized that the fishways would be especially used by dominant
cyprinids during their movement period as migration corridors. But in addi-
tion, we also expect that due to the availability of new habitats inside the
fishways, they could also be used by other species of the fish assemblage.
The results may be relevant for future management strategies and may
help decision-makers to deploy appropriate restoration measures in highly
impacted rivers, since considering the features of Mediterranean river sys-
tems will enable us to achieve the goals proposed by the EU's Water Frame-
work Directive.

2. Material and methods
2.1. Study area and fishways

This study was conducted in the Segura River basin, which is located in
the south-eastern Iberian Peninsula, a semiarid region characterized by
warm summer temperatures (mean annual temperature = 18 °C) and
scarce rainfall (300 mm/year approx.) (Fig. 1). This Mediterranean basin
drains an area of 18,870 km? and is distinguished by a marked climatic gra-
dient and severe annual and interannual variations in the natural flow re-
gime, from extreme droughts to torrential floods (Hooke, 2006; Mir6
et al., 2018). Agricultural practices account for 80% of the total water de-
mands and involve the construction of a large number of different types
of flow regulation structures (Aldaya et al., 2019; Bruno et al., 2014). Over-
all, free water flow is constrained by a total of 33 dams (>10 m height and >
1 hm?® of reservoir capacity) and 170 smaller obstacles along the longitudi-
nal gradient. This basin accounts for approximately 1200 hm?® of storage
capacity, and additional water resources (approx. 350 hm?® year ~!) are sup-
plied from interbasin water transfer from the Tagus Basin (Grindlay et al.,
2011). Consequently, the Segura River basin is considered one of the
most human-impacted Mediterranean basins, with a high level of flow al-
teration (Aldaya et al., 2019; Grindlay et al., 2011). Flow regulation in
this area leads to an increase in base flow throughout the year as well as
more stable flow regime (Amat-Trigo et al., 2021; Sdnchez-Pérez et al.,
2020). This strong modification of the natural flow regime, operating in
combination with the channelization and pollution derived from agricul-
tural and urban activities (CHS, 2015), causes a severe degradation of flu-
vial and riverine habitats with a loss of lentic areas and resources such as
refuge for rheophilic species (Belmar et al., 2013; Bruno et al., 2014).



A. Sdnchez-Pérez et al.

k
|
|
i
i
|

—
L
i
]
i

-_ﬁ'-._..-.?r\-
!
I

T1 Postraswase (SNBEO)

Science of the Total Environment 830 (2022) 154613

T2 Esparragal (SNBO)

T3 El Jarral (VS)

Sequra River = study NMuvial seclor

Fig. 1. Location of sampling sites (@) and gauging/weather stations (A Bayo, B Almadenes and C Menj) in the Segura River basin and its location in the southeastern Iberian
Peninsula. (N) nature-like fishways; (T) technical fishways: (SNBO) submerged notch with bottom orifice type and (VS) vertical slot type.

This study was carried out at five sampling sites distributed along a flu-
vial sector 54 km long, 5-15 m width in the middle part of the Segura River
basin, with a mean gradient of 2.2 m/Km (Fig. 1). This river reach is a suc-
cession of irrigation and hydropower small dams (height < 8 m), that
means an obstacle every 4 km of river and therefore, the main mesohabitat
type in the river reach are dammed pools, with some scarce runs and glides,
whereas rapid, riffle and plunge pool areas are unusual.

The most abundant fish were four cyprinids: the limnophilic Alburnus
alburnus (Linnaeus, 1758), which is nonnative and has invaded large
areas in the Iberian Peninsula, and three rheophilic species; the single na-
tive fish in the study area Luciobarbus sclateri (Giinther, 1868); and two non-
natives: Pseudochondrostoma polylepis (Steindachner, 1865) and Gobio
lozanoi Doadrio & Madeira, 2004. Other nonnative and limnophilic fish
are locally present, such as Gambusia holbrooki (Agassiz, 1859), Cyprinus
carpio Linnaeus, 1758 and Lepomis gibbosus (Linnaeus, 1758), and some
alien piscivore fish occur at low densities (i.e., Micropterus salmoides
(Lacépede, 1802), Sander lucioperca (Linnaeus, 1758) and Esox lucius Lin-
naeus, 1758). Nonnative fish species represent 90% of the total richness
of the fish assemblage in the studied fluvial sector (Oliva-Paterna et al.,
2019, Oliva-Paterna et al., 2014).

Each sampling site included a multispecies fishway and a 100-m long
river reach just downstream (Fig. 1). All the fishways were designed and
built in the context of an extensive river restoration programme following
standard guidelines (DVWK, 2002; Travade and Porcher, 2002) and taking
into account hydraulic recommendations for cyprinids (Sanz-Ronda et al.,
2019). In all fishways, the fish entrance was at the most upstream end of

the weir, there was an auxiliary flow to improve fish attraction, and the
depth downstream the entrance was enough to ensure a suitable fish en-
trance. They started to operate in autumn 2015 (see Oliva-Paterna et al.
(2016)), and the fish assemblage use of different types of fishways was eval-
uated over two annual cycles since January 2016. Two nature-like
(N) fishways of rocky bypass type (N1 Hoya Garcia and N2 El Menjt) and
three technical (T) stepped fishways, two of them of SNBO type (Sub-
merged Notch with Bottom Orifice; T1 Post-trasvase and T2 Esparragal)
and one of VS type (Vertical Slot; T3 El Jarral), were monitored (Fig. 1;
Table 1). Bypass types were nature-oriented constructions with variable
current speed, water depth and natural bottoms originally composed of
rocks. Substrates of both natural and technical fishways were quickly natu-
ralized through sandy and muddy materials deposited from the river over a
few months of fishway operation. Flow discharge inside the fishways was
individually measured (Table 1) and regulated by a sluice gate placed in
the flow entrance. More descriptive variables of the five monitored fish-
ways and the downstream reaches sampled are presented in Table 1.

2.2. Sampling design and fishway monitoring

The five studied fishways were monitored during two complete annual
cycles (from January 2016 to December 2017); with the beginning of the
sampling period being approximately three months from the operation
start date (see sampling details in Table S1). Each fishway was sampled
twice per season during autumn and winter, but twice a month during
spring and summer. We quantified the use of each fishway by the whole
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Table 1
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Sampling site descriptive variables for nature-like (N1,N2) and technical (T1, T2, T3) fishways; SNBO is a submerged notch with bottom orifice type and VS is a vertical-slot
type. Location (UTM30 ETRS 89) with coordinates is provided as Universal Transverse Mercator. Downstream reach just below each fishway included the presence of a pool

directly connecting river and fishway.

Sampling Name Location Fishway characteristics Downstream pool characteristics
site Typology Slope Discharge Length Inner Fishway structure Mean reach Mean water  Fishway pool
(%)  design(m®*s~ ') (m) area (m?) width (m) depth (m) entrance

N1 Hoya Garcia X: 627272,Y: Bypass 4.0 0.67 51.5 155 Channel with a middle 3 0.40 Small or
4233623 section resting pool medium pool

N2 El Menjt X:639119,Y: Bypass 3.5 0.90 52.0 154 Channel with two resting 8 1 Small or
4231252 pools medium pool

T1 Post-trasvase X: 613788,Y: SNBO?* 7.3 0.31 34.7 45 11 pools 5 1.20 Small or
4235661 medium pool

T2 Esparragal X:613787,Y: SNBO* 7.7 0.35 43.9 55 15 pools 3 0.20 Small or
4235662 medium pool

T3 El Jarral X: 640577,Y: VS§? 6.5 0.30 43.8 61 17 pools 14 1.20 Large pool >5 m?
4229308

2 Volumetric energy dissipation for technical fishways was 150 W/m?> for T1 and T2, and 120 W/m? for T3.

fish assemblage. Furthermore, we assessed the ecological contributions
(i.e., migration corridors and compensatory habitats) of the newly built
fishways using the four dominant cyprinids in the fluvial sector
(L. sclateri, P. polylepis, G. lozanoi and A. alburnus) as target fish. To evaluate
the differences in temporal patterns, we defined the period of movement of
the four target species as the window encompassed jointly by the spring and
summer months based on their ecology (Froese and Pauly, 2021; Oliva-
Paterna et al., 2019).

Before sampling inside the fishways, both the fish entrance and exit
were blocked by nets (0.5 cm mesh size) to avoid fish escape. Afterwards,
the flow discharge was notably reduced by closing the sluice gate of the
fishways, thus allowing the catchability of potentially all individuals inside
the pass (total captures) by electro-fishing. Two electro-fishing passes
(1800 W generator, working voltage between 200 and 350 V, 2-3
A) were consecutively conducted by the same surveyor team for each sam-
pling event, following the CEN standard protocol (CEN, 2003). Individuals
were stunned by a single surveyor holding an anode, whereas two other
surveyors collected stunned fish with dip nets and transferred them to plas-
tic containers supplied with oxygen. All specimens using the fishways at
that time were captured, obtaining the total captures inside the fishway
as ensured from the two electrofishing passes. Furthermore, seasonal sam-
plings were conducted in downstream reaches placed just downstream of
each fishway. Downstream reaches were sampled by electrofishing passes
(30-35 min) in wadable 100-m long river reaches, which were also blocked
by nets to avoid fish escape. All captured fish were anaesthetized using
clove oil (50 mg/1 diluted in ethanol in a 1:10 proportion), subsequently iden-
tified to the species level, counted and measured (fork length FL; =1 mm).

As a complement to the evaluation of the use of the fishways, upstream
(from downstream reach to fishway) and downstream (from fishway to
downstream reach) movements were evaluated by means of a capture-
mark-recapture programme (CMR) at three sampling sites: N2 (bypass - El
Menjti), T2 (SNBO - Esparragal) and T3 (VS - El Jarral). Individuals larger
than 8 cm of fork length (FL) belonging to the four target species were
marked with Visible Implant Elastomers (VIE-tags) using different colour
codes for captures inside the fishways and at downstream reaches.
Recaptured individuals were re-marked in a different part of the body
using a specific combination of VIE-tags that allowed us to differentiate
(1) how many times each fish was caught and (2) where each marked
fish comes from (if previously to its recapture it was marked inside the fish-
way or at a downstream reach).

Individual fish were manipulated in accordance with the European
Union Directive 2010/63/UE on animal welfare in scientific activities
and Spanish Act RD 53/2013, with the approval of the competent
authorities (Regional Government on Natural Resources and Water
Management Authority). Moreover, significant efforts were made to
minimize stress and the mortality rate was less than 1%. Once the fish
were recovered from the anaesthesia, all fish were released at the
sampling site.

2.3. Environmental variables

On a fortnightly basis, river discharge (m®s ™) and air temperature (°C)
were analyzed for the studied period using online databases provided
by the official monitoring service of the Segura Hydrographic Confedera-
tion at three gauging and weather stations distributed along the study
area (Fig. 1) (https://www.chsegura.es/chs/cuenca/redesdecontrol/
estadisticashidrologicas/; accessed 22 January 2018). Following the meth-
odology applied by Fuentes-Pérez et al. (2017), the flow discharge (m®s ™)
inside each fishway was calculated at each sampling event. In addition,
water temperature was measured at each sampling site, with three
replicates both inside fishways and in their respective downstream reaches,
using a multiparameter probe (Multi 340i WTW).

2.4. Statistical analysis

The Lilliefors test (Kolmogorov—Smirnov) was used to test the normality
of the total captures as well as to the captures of each target species inside
each fishway. Then, a nonparametric analysis of variance (Kruskal-Wallis
test) was applied to test differences among the total captures and the cap-
tures of target species inside each fishway.

Differences between species occurrence and size distribution during the
movement period (spring and summer) and the non-movement period
(autumn and winter) for the target fish inside each fishway were tested
by the Wilcoxon test. Finally, normality in lengths of each target species in-
side each fishway was tested by the Lilliefors test (Kolmogorov—-Smirnov).

Spearman rank correlation analysis was used to test the correlations be-
tween environmental variables, and a p-value <0.05 was considered signif-
icantly correlated (rho coefficient > 0.7 was applied to establish a strong
correlation between variables). We used general linear models (GLMs) to
test the effects of environmental variables (flow discharges, water and air
temperatures) on the captures inside fishways (Clarke et al., 2014). This
analysis was performed with the glm function in the R package car (Fox
and Weisberg, 2019). The sampling period (movement and non-
movement period) and sampling site (each fishway) were included as fac-
tors to test the influence of different movement periods and types of fish-
ways. GLMs were conducted using the total number of captures and the
captures of each target species. All statistical analyses were performed
using R software.

3. Results
3.1. Fishways use
A total of ten fish species were detected in the study area during the

electrofishing surveys, although only nine species were present in each
downstream reach as E. lucius was not detected in N1, N2 and T3, and
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Table 2

Percentage of occurrence of fish species and total richness recorded at each
sampling site (N1, N2, T1, T2 and T3) monitored in the main stem of the
Segura River (southeastern Iberian Peninsula). Data are presented for each
sampling site and divided into: inside fishways (I) and at downstream reaches

(D).
Fish species N1 N2 T1 T2 T3

I D I D I D I D I D

A. alburnus 423 750 519 60.0 385 833 40.0 91.7 91.7 857
C. carpio 0 8.3 0 200 0 8.3 0 83 333 286
E. lucius 0 0 0 0 0 83 40 83 0 0

G. hoolbroki 38 250 0 200 O 0 0 0 0 7.1
G. lozanoi 92.3 100 85.2 80.0 769 100 72.0 100 100 929
L. gibbosus 154 583 29.6 20.0 154 75.0 240 83.3 458 429
L. sclateri 57.7 100 77.8 80.0 76.9 100 60.0 100 79.2 100
M. salmoides 0 8.3 0 200 38 83 80 83 42 71
P. polylepis 57.7 75.0 81.5 100 69.5 100 52.0 100 58.3 71.4
S. lucioperca 0 8.3 0 20.0 0 83 40 83 42 214

Species richness 6 9 5 9 6 9 8 9 8 9
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G. holbrooki was not detected in T1 and T2 downstream reaches (Table 2).
Five species were present inside all the fishways: L. sclateri, P. polylepis,
G. lozanoi, A. alburnus and L. gibbosus. Nature-like fishways showed the low-
est species richness (six species inside N1 and five inside N2) with the four
largest nonnative fish (C. carpio, M. salmoides, S. lucioperca and E. lucius) not
being detected, while T2 and T3 showed the highest richness inside fish-
ways, with eight out of nine species present in their downstream reaches
(Table 2).

A total of 12,772 fish were caught inside the five fishways from January
2016 to December 2017. The four target fish accounting for 98.8% of the
total captures (A. alburnus 50.0%, G. lozanoi 37.5%, L. sclateri 4.3% and
P. polylepis 7.1%). With regard to each fishway, 61.1% of the captures oc-
curred inside T3 (VS type), followed by nature-like fishways, which ac-
counted for 15.7% (N2) and 10.7% (N1) of the total captures. Conversely,
the SNBO type had the lowest percentages, with 7.6% (T2) and 5.0% (T1)
of the total captures.

The total captures inside each fishsway did not show normality
(Lilliefors p < 0.05) and differ between fishways (Kruskal-Wallis p <
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Fig. 2. Boxplots of fish captures inside the studied fishways (technical T1, T2 and T3; nature-like N1 and N2) in the Segura River (southeastern Iberian Peninsula). Median
(central line), 25th and 75th percentile values, as well as maximum and minimum are represented in boxplot. Name of species were abbreviate as A. alb (Alburnus alburnus),
G. loz (Gobio lozanoi), L. scl (Luciobarbus sclateri), P. pol (Pseudochondrostoma polylepis) and non-target species were summarized as “Other species”.
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0.05). Alburnus alburnus and G. lozanoi jointly represented 86.5% (48.2%
A. alburnus and 38.3% G. lozanoi) of the total fish captured. Both were the
most represented species inside each fishway, accounting for >70% of the
captures with the exception of N2 (Fig. 2). G. lozanoi was the dominant spe-
cies inside all the fishways (except inside T3), followed by A. alburnus
(except inside N2). For both species, the Kruskal-Wallis test revealed that
species captures differed among fishways: G. lozanoi (chi®, = 28.505, p <
0.001) and A. alburnus (chi®, = 27.309, p < 0.001). Pairwise Wilcoxon
post hoc comparisons revealed that captures of G. lozanoi showed differ-
ences between T3 and the rest of the fishways except nature-like N2, and
also between T1 and N2. The captures of A. alburnus were only significantly
different inside T3, where a single sampling event yielded 2212 individuals
that represented 17.3% of the total individuals of this species inside T3.
This fishway accounted for the highest captures of both species: 85.4%
for A. alburnus and 44.2% for G. lozanoi (Fig. 3). In the case of A. alburnus,
the results of a single sampling event markedly skewed its total captures,
as mentioned previously.

P. polylepis and L. sclateri accounted jointly for 12.2% (7.1% and 5.1%,
respectively) of the total fish captured inside the fishways. The Kruskal-
Wallis test also revealed that captures of both species differed among sam-
pling sites: P. polylepis (chi%;, = 19.618, p < 0.001) and L. sclateri (chi®; =
17.131, p = 0.001). Pairwise Wilcoxon post hoc comparisons revealed
that the mean captures of both species were significantly higher inside
N2, which accounted for 60.0% and 47.3% of the total captures of
P. polylepis and L. sclateri, respectively (Fig. 3). The results are summarized
in Supplementary Table S2.

3.2. Temporal use of fishways

Almost all fish species were detected using the fishways from the first
sampling events. Only four events (3% of the total number of samplings),
mostly at the beginning of the studied period, showed no captures inside
fishways (two inside T1 in February 2016 and March 2017; one inside T2
in March 2016; and one inside N1 in March 2016). The four target species
showed higher occurrences during the entire study period than the remain-
ing fish species, which were generally detected inside fishways in less than
7.0% of the sampling events. The rheophilics L. sclateri, G. lozanoi and
P. polylepis generally showed higher occurrences during the movement pe-
riod (Wilcoxon test, p < 0.05), being detected in more than 70% of the total
sampling events. In contrast, the occurrences were approximately 15.0%
(for G. lozanoi and P. polylepis) and 26.2% for L. sclateri during the non-
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movement period. In fact, these species were significantly more often cap-
tured inside technical fishways (mainly the SNBO type) during the move-
ment period (Wilcoxon test results; Fig. 4). In contrast, the occurrence of
limnophilic A. alburnus inside the fishways was more regular (Wilcoxon
test,p = 0.08736), being detected in 38.7% of the sampling events during
the movement period and in 51.4% sampling events during the non-
movement period, with the exception of T3, where this species showed
more than 90% occurrence in both periods (Fig. 4).

The temporal patterns of captures of target species were similar to the
occurrences. Winter captures were generally scarce, except inside N2,
which accounted for 31.9% of the total captures for 2017 (Fig. 5). Fish
were also scarce during the first spring season in which fishways were op-
erating (2016), when the fish captures were lower than 10% inside each
of the fishways (ranging from 3.1% in T3 to 9.8% in T1), however, ac-
counted an average of 26.3% in spring 2017 (from 16.4% inside T1 to
46.4% inside T2). Sixty percent of the total captures of the four target spe-
cies occurred during the non-movement period, but these percentages var-
ied between species and fishways. The captures of L. sclateri were mostly
concentrated during the movement period (70.6%, ranging from 61.9% in-
side N1 to 84.4% inside T2). Its highest captures occurred during summer
but were also relatively high in autumn inside nature-like fishways
(Fig. 5). In contrast, we captured A. alburnus mostly during the non-
movement period inside all the fishways (66.6%, ranging from 50.3% in-
side N2 to 81.7% inside T2). This nonnative species usually showed peaks
in autumn (as highlighted by an extraordinary event of 2212 individuals
captured inside T3 on 26th November), although its captures were also rel-
atively high during summer inside technical fishways. The captures of
G. lozanoi and P. polylepis were higher during the non-movement period in-
side nature-like fishways and inside T3 but were conversely higher during
the movement period inside the SNBO type (T1 and T2). The captures for
the four target species were relatively constant during the study period in-
side N2 (Fig. 5).

No significant differences were found in the size (FL) of L. sclateri be-
tween the movement and non-movement periods inside any fishway
(Wilcoxon test, p > 0.05), although larger individuals (more than 300 mm
FL) were more abundant or were exclusively found during the movement
period (Fig. 6). In contrast, significantly larger sizes of G. lozanoi were de-
tected during the movement period inside all the fishways with the excep-
tion of T1. This pattern was also detected in P. polylepis and A. alburnus
inside N1 and N2. In sum, during the movement period, large individuals
of the target species were more often captured inside nature-like fishways,

BT T T ' | G loranad
g ) B . .
£ ' |
s b ' b ab
(4 g - ] "
& " 3 a T a 3 =1 & P B T
g - " ; B= . -
o, e el b e il | & =f —, -
——— T T = T T T T
= :ﬂ e z = .
g - L. solsdan : B, polyiapis é
o - B4
£ : | :
TR . 7] I
= & a a a '
2o 1T = s - . m= @8 @ 4 a
- 1 y - Rl .
L ey e B SES oo e s e
] ] ] ] T L] L] ]
Tt [ 1] 1 'F] T T2 T3 It )
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Fig. 4. Frequency of occurrence of the target species during the movement (light gray bars) and the nonmovement (dark gray bars) periods inside the fishways (T1, T2, T3, N1
and N2) monitored in the Segura River (southeastern Iberian Peninsula). Significant differences between-periods obtained from Wilcoxon test (p < 0.05) are indicated with

asterisks above bars.

meanwhile smaller sizes were detected inside technical fishways in some
cases, such as A. alburnus inside T2 or T3 and P. polylepis in T3 (Fig. 6).

In addition, we marked a total of 2002 individuals of the four target spe-
cies to determine movements between fishways and downstream reaches.
Three fishways from different typologies were selected at sampling sites
T2 (SNBO), T3 (VS) and N2 (bypass), where 1075 individuals were marked
inside the fishways and 927 in downstream reaches (Table 3). A total of
18.3% of the fish marked inside the fishways was later recaptured inside
of them; in addition, 5.5% was recaptured twice, and 0.3% was recaptured
three times. The N2 fishway had the highest fish marked (68.5%) and also
the highest percentages of recaptures: 20.2% for first recaptures; 7.1% for
seconds and 0.4% for third recaptures, and was the only fishway with one
individual captured four times (Table 3). In downstream reaches, 5.7% of
marked fish was recaptured, and only 0.1% was recaptured twice. The T2
downstream reach had the highest fish marked (73.2%) and also the
highest percentage of recaptures: 7.2% for first recaptures, and was the
only downstream reach with second recaptures (Table 3).

Fish upstream (from downstream reach to fishway) and downstream
(from fishway to downstream reach) movements were confirmed by recap-
tures at two sampling sites (T2 and N2) consistently with the detection of
specimens with different colour codes in VIE-tags. Luciobarbus sclateri and
G. lozanoi were the species with ascending and descending movements,
whereas P. polylepis was only detected in upstream movements. No tagged
fish of A. alburnus were captured, probably due to the small number of
tagged fish (Table 3).

3.3. Environmental variables

Significant correlations (Spearman p < 0.05) were found between air
temperatures from the three weather stations, and also between the river
flow discharges from the three gauging stations; therefore, we considered
that the air temperature and the river flow discharge were similar

throughout the study area. At each sampling site, a strong correlation
(Spearman rho >0.7) was found between the air and water temperatures
(Table S3, Fig. S1). In contrast, the results did not display strong correla-
tions between river flow discharge and flow discharge inside the fishways
(Table S3), which was expected in view of the hydrological design of fish-
ways to maintain stable flow discharges (Fig. S2).

The potential effects of environmental variables (river flow discharge,
flow inside the fishway and water temperature) on the captures inside fish-
ways were studied using GLMs. Due to the correlation found between water
and air temperature, the latter was excluded from the GLM analysis. Water
temperature and sampling site (fishway as a factor) were significantly
related to the total captures inside the fishways (Table 4).Specially, the
captures increased with water temperature (Fig. 7), with T3 being the
most differentiated fishway with a significant interaction (water
temperature*sampling site) (estimate = 15.14, p = 0.002). The same inter-
action were also related to the captures of each target species (Table 4), and
in addition, the movement period was related to the captures of P. polylepis
and the river flow discharge to the captures of L. sclateri.

4. Discussion

The present two-year study assessed the use of different multispecies
fish passage facilities built in a heavily modified Mediterranean-type
river, providing useful data on the response of the whole fish assemblage.
After assessing different typologies of fishways, our results showed early
and extensive use of both nature-like and technical types mainly by the
dominant river-resident cyprinids, although they displayed differences in
their use of fishway types and among temporal periods.

A temporal monitoring programme for two complete annual cycles en-
abled us to verify that the most representative fish species occurring in the
study area (the four target cyprinids) were regularly detected inside the
assessed fishways, but size diversity and fish captures varied between
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Table 3

Results of capture-mark-recapture survey (CMR) conducted in the Segura River
(southeastern Iberian Peninsula). Number of fish marked (N) and recaptures (%)
of the four target species inside each fishway (T2, T3 and N2) and in their respective
downstream reaches are shown. Detections of fish movements were indicated as up-
stream (recapture from downstream reach to fishway) and downstream (recapture
from fishway to downstream reach).

T2 T3 N2
N (inside fishways) 154 185 736
L. sclateri 51 56 299
P. polylepis 70 8 257
A. alburnus 0 23 14
G. lozanoi 33 98 166
Recaptures inside
1st recapture (total) 14.94% 13.51% 20.24%
L. sclateri 56.5% 48.8% 47.7%
P. polylepis 43.5% - 24.8%
A. alburnus - 4.0% -
G. lozanoi 0 48.0% 27.5%
2nd recapture (total) 2.60% 1.62% 7.06%
L. sclateri 100% 33.3% 51.99%
P. polylepis - - 30.8%
G. lozanoi - 66,70% 30,8
3rd recapture (total) - - 0.41%
G. lozanoi - - 33.3%
P. polylepis - - 66.7%
N (downstream reach) 679 139 109
L. sclateri 351 118 16
P. polylepis 256 12 87
A. alburnus 7 0 1
G. lozanoi 65 9 5
Downstream recaptures
1st recapture (total) 7.22% 1.44% 1.83%
L. sclateri 77.6% 50% 100%
P. polylepis 16.3% 50% -
G. lozanoi 6.1% - -
2nd recapture (total) 0.15% - -
L. sclateri 100% - -
Up-movement Yes - Yes
Down-movement - - Yes

fishway types and periods. The fish captures inside fishways were associ-
ated with the fishway typology sensu lato (i.e. hydraulics, dimension,
flow discharge, attraction, entrance location) (Bravo-Cérdoba et al., 2021;
Bunt et al., 2012) and probably with the pool entrance characteristics.
Water temperature played the most important role among the

Table 4

General linear models (GLM) conducted for assessing effects of environmental var-
iables on total fish captures and on captures of each target fish species inside fish-
ways (dependent variables) of the Segura River (southeastern Iberian Peninsula).
Only significant effects of environmental variables or factors were shown (*p <
0.05; ** p < 0.01; *** p < 0.001). Six outliers identified as data above the 95th per-
centile were not included in the models.

x? Df Pr (>%%)
Total of captures
Sampling site 36.94 1 1.21 x 107 %
Water temperature 46.93 4 1.58 x 10~%7
Sampling site*Water temperature 14.25 4 0.0065
L. sclateri
River flow discharge 9.14 1 0.0025
Water temperature 21.49 1 3.56 x 107%
Sampling site 69.88 4 2.41 x 10712
River flow discharge*Water temp*Sampling site 25.63 4 3.77 x 107
P. polylepis
Water temperature 23.46 1 1.28 x 107%
Sampling site 75.09 4 1.91 x 10~
Movement period 19.04 1 1.28 x 107
Sampling site*Movement period 57.29 4 1.08 x 10~
G. lozanoi
Water temperature 16.38 1 518 x 107
Sampling site 31.25 4 2.72 x 107%
Sampling site*Water temperature 14.60 4 0.0056
A. albunus
Water temperature 25.47 1 450 x 107°°
Sampling site 63.45 4 5.47 x 10713
Sampling site*Water temperature 21.41 4 2.63 x 107
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Fig. 7. Relationship between water temperature and total captures inside the
fishways (T1, T2, T3, N1 and N2) monitored in the main stem of the Segura River
(southeastern Iberian Peninsula). Black line represents a significant linear
regression (p < 0.05). Log transformation was used to represent the data.

environmental variables to explain variability in fishway use by fish assem-
blages. We also detected use-related differences between the expected non-
movement and movement periods, maybe based on the use of fishways as
migration corridors, such as by potamodromous fish. Moreover, although
most of the species occurring in the study area do not undertake extensive
migratory movements (e.g., G. lozanoi, A. alburnus, L. gibossus), all of them
make short-distance movements between different habitats for population
maintenance (Mclaughlin et al., 2013; Northcote, 1998; Tummers et al.,
2016). Furthermore, fishways may provide new compensatory habitats
for small and juvenile individuals throughout the annual cycle, mostly for
rheophilics such as G. lozanoi and P. polylepis in nature-like fishways and
for limnophilics such as A. alburnus in some technical types of fishways.

4.1. Fishway use by fish assemblage: Technical vs. nature-like fishways

The monitoring programme of the present study started during the first
three months when fishways were operational, so we were able to record
the early fish use events for all the assessed fishways. Most of the species
had been present since the first fish survey, so the early use of these new in-
frastructures by different species could initially indicate the successful eco-
logical functionality of these multispecies fishways (Tummers et al., 2016).
In addition, the very high rate of captures of the target cyprinids, especially
two representative potamodromous fish of the Iberian rivers (i.e., L. sclateri
and P. polylepis), may also suggest their suitability as a functional restora-
tion tool for fish passage (Benitez et al., 2015). In previous studies con-
ducted in similar fishways built for Iberian cyprinids, located on the
furthest upstream side of the dam, with the entrance located close to the riv-
erbank and with a total discharge (fishway plus attraction flow) higher than
10% of the river reach, attraction efficiency was observed to be higher than
50% (Bravo-Cérdoba et al., 2021; Sanz-Ronda et al., 2015 and Sanz-Ronda
etal., 2021). Passage higher than 85% was detected as a result of the study
of passage performance of technical pool-type fishways previously devel-
oped in T2 and T3, where L. sclateri and P. polylepis successfully used
these two passage facilities (Sanz-Ronda et al., 2019). Even so, more de-
tailed studies focused on fish passage are needed to confirm their use as mi-
gration corridors.

We detected almost the totality of the fish species from the assemblage
inside T2 and T3, being the two most successful technical fishways in terms
of species richness, with T3 also showing the highest capture rate, which
could be conditioned by some sampling events with significantly high
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abundance of two small resident cyprinids: G. lozanoi and A. alburnus. In ad-
dition, all large nonnative limnophilics with different swimming abilities
were captured inside them (i.e., C. carpio, S. lucioperca, M. salmoides and
E. lucius), although the dominant captured fish were the small limnophilic
A. alburnus and the rheophilic G. lozanoi, which are also nonnative to the
study area. This occurrence of a wide variety of species supports the notion
that, despite technical fishways not offering the most suitable environmen-
tal and hydraulic characteristics for species with different swimming abili-
ties (tight entrance, steeper slope, etc.), pool-type designs focused on
multiple species (i.e. including large resting areas and lower velocities)
could be as effective as nature-like fishways (Bravo-Cérdoba et al., 2021;
Mitsopoulus et al., 2021; Romao et al., 2017).

However, in the present study, SNBO types (submerged notch with a
bottom orifice) were significantly less used by fish species in terms of cap-
tures. The low detection could be due to a fast passage of the fish (Romao
et al., 2019; Sanz-Ronda et al., 2019), which might suggest that the fish
use the type of fishway mainly as corridors. But this result could also be
due to downstream reach characteristics at these two sampling sites. The
width of the reach and the size of the entrance pool (Table 3) induce greater
flow fluctuations in the first pools of fishways T1 and T2 than in T3, where
the characteristics of the downstream reach create more stable conditions
that facilitate its use as compensatory habitat. These results are in concor-
dance with the idea that although barbels are known to prefer submerged
notches (Silva et al., 2020), the implementation of vertical slot is preferable
because this choice of fishway type provides more stable hydraulic condi-
tions that could be better suited to the upward passage of species with
lower swimming ability (Bravo-Cérdoba et al., 2021, Bravo-Cérdoba
et al., 2018; Romao et al., 2017; Travade and Larinier, 2002). In addition,
some structures, such as technical fishways, could offer the opportunity to
control certain nonnative fish if selective traps are included (Pratt et al.,
2009; Rahel and Mclaughlin, 2018; Starrs et al., 2015; Stuart et al.,
2006). In fact, our study shows the efficacy of technical fishways for mass
captures of some nonnative small cyprinids, which could indicate the po-
tential use of these structures in fish population control. However, more in-
formation on nonnative fish passage, especially upstream movements, is
needed to assess the feasibility and possible success of implementing traps
as a control measure.

Inside nature-like fishways, we detected five (N2) or six (N1) species,
with this typology being preferred by potamodromous fish but also exten-
sively used by G. lozanoi (see Fig. 2). However, large nonnative species
such as C. carpio, M. salmoides and S. lucioperca were not detected.
Nature-like designs attempt to mimic riffle/run habitats of natural river
reaches, thus offering more fish-friendly environmental conditions
(e.g., substrate and vegetation) and hydraulic characteristics (e.g., lower
depth and higher mean velocity, with resting areas behind boulders and
rocks) than technical types for rheophilic fish (Katopodis et al., 2001;
Larinier, 2002; Pander et al., 2013). In addition, although nature-like fish-
ways provide different environments and diverse hydraulic features that fa-
cilitate fish passage for a wider range of fish sizes and swimming abilities
(Bunt et al., 2012; Katopodis and Williams, 2012), mimicked Mediterra-
nean hydraulic features (mainly related to flow and environmental condi-
tions) could be harder for limnophilic fish to pass (Colin et al., 2018).
These results were reflected in the absence of captures of large limnophilics
inside N1 and N2 in our study. According to this pattern, nature-like fish-
ways have been proven to be used by rheophilic fish, though their use as
compensatory habitats is precluded for medium- and large-sized nonna-
tives. Moreover, other studies have even shown passage problems for
large nonnatives (e.g., Exos lucius) in this type of fishway (Calles and
Grendberg, 2007). This result could be especially relevant in semi-arid cli-
matic regions where altered environments promote the establishment and
spread of nonnative fish species. In these highly invaded rivers, the imple-
mentation of multispecies fishways must take into account the risk of
invasion when reconnecting human-isolated river reaches (Brevé et al.,
2014; Radinger and Garcia-Berthou, 2020; Starrs et al., 2015). At this point,
management decisions could involve conflicts between recovering native
species movements and limiting nonnative fish spread (Ordeix, 2017; Rahel
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and McLaughlin, 2018; Starrs et al., 2015). Studies considering the response
of nonnative fish to multispecies fishways in highly invaded aquatic ecosys-
tems such as heavily regulated Iberian rivers (Clavero et al., 2013; Fornaroli
et al., 2020; Ilhéu et al., 2014; Sanchez-Pérez et al., 2020), could provide in-
sightful information for fish management and help to implement appropriate
cost-effective restoration measures (Radinger and Garcia-Berthou, 2020;
Santos et al., 2012).

4.2. Ecological contributions of multi-species fishways

In general, rheophilic fish were more frequently detected during the de-
fined movement period (spring and summer) inside fishways, even more
significantly inside SNBO types, where occurrence data could suggest
their preferred use as migration corridors for L. sclateri, P. polylepis and
G. lozanoi. More than 70% of L. sclateri were captured in this period,
which could be an indicator of their effectiveness in facilitating migration
movements for this potamodomous endemic Iberian fish. Moreover, al-
though movements of large individuals of L. sclateri could also be detected
during autumn (Ordeix, 2017; Romao et al., 2019; Sanz-Ronda et al.,
2021), we mostly observed larger reproductive individuals during the
movement period. The also potamodromous P. polylepis, a water column
fish, showed significantly higher occurrences during the movement period
only inside the SNBO type, which may be due to its migratory behaviour
(Sanz-Ronda et al., 2016 and 2019). However, large individuals remained
inside nature-like fishways, which could also confirm successful migratory
movements across these bypasses. In the case of G. lozanoi, this species
showed high occurrences and larger individuals during the movement pe-
riod inside all fishway types, which confirmed short-distance movements
observed during its reproductive period (Amat-Trigo et al., 2013; Benitez
et al., 2015). However, most of it captures occurred during the considered
non-movement period (autumn and winter), especially inside nature-like
fishways and vertical slots. An intensive use of nature-like fishways by L.
sclateri and P. polylepis during the non-movement period was also observed,
which could confirm the majority use of this type as new compensatory
habitats for rheophilics. The habitat conditions inside this typology seem
to be similar to those in small upstream tributaries of the Segura River
basin, where the rheophilic species show high population density
(Martinez-Morales et al., 2010). Although these results could indicate the
usefulness of natural-like bypasses as compensatory habitat, their effects
are limited due to their small size (they only comprise a few square meters
of new habitat), so it would be advisable to build or adapt more river
reaches with this type of infrastructures in order to achieve a decisive influ-
ence on populations.

The limnophilic A. alburnus was the only target fish that jointly showed
higher capture rates during the non-movement period inside the five fish-
ways and displayed significant differences in the size of captured individ-
uals between periods. The temporal pattern found in this study might be
conditioned by its characteristic movements forming high-density shoals
related to dispersal migrations, which confirm its high capacity to colonize
new fluvial sectors (Amat-Trigo et al., 2019). In fact, some peaks of captures
inside fishways as well as GLM analyses revealed that technical vertical slot
type T3 was the most differentiated as a consequence of its correlation with
the captures of this limnophilic fish, although G. lozanoi also added a rela-
tively high number of captures during the non-movement period. There-
fore, these findings confirmed that fish with different movements not
only related to spawning were using these multispecies infrastructures
(Benitez et al., 2015).

The results from the capture-mark-recapture (CMR) surveys provided
evidence on the up- and downstream movements of the three rheophilic
target fish. Although the results of fish passage data were scarce, they
could be indicative of the successful fishway negotiation of these cyprinids,
including endemic L. sclateri, which would help to mitigate the isolation of
fish populations by recovering their longitudinal connectivity (Aparicio
et al., 2012; Branco et al., 2013; Santos et al., 2005; Sanz-Ronda et al.,
2021). Despite the results displaying high recapture rates inside all fish-
ways, nature-like type N2 showed higher values, which reinforces the
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idea that this typology provides greater availability of key habitat that of-
fers compensatory resources such as food or fish refuge (Katopodis and
Williams, 2012; Pander et al., 2013).

Each studied fishway differed from its adjacent downstream and up-
stream river reaches, providing lower water depth, smaller channel width
and greater habitat variability inside them. New habitats inside fishways
can be considered as important compensatory habitats where many life
stage-specific processes take place, offering additional resources as well as
refuge for small sizes and juvenile rheophilic fish to face flow variations
throughout the year (Pander and Geist, 2018; Pander et al., 2013). Accord-
ing to the forming processes such as gravel relocation, nature-like fishways
are expected to be colonized more rapidly by aquatic invertebrates, vegeta-
tion and riparian plants, increasing the availability of resources such as food
and refuge, especially relevant for early life stages and juvenile develop-
ment (Diirregger et al., 2018). However, more detailed information on
naturalisation of the fishways types is required to confirm potential micro-
habitat effects (Boavida et al., 2010; Ramler and Keckeis, 2019), and stud-
ies to assess the fish attraction are needed to ensure succesful design and
implementation.

River flow discharge and water temperature are considered the main
drivers of fish behaviour (Cooke et al., 2012; Mims and Olden, 2012). In
this study, capture variability was significantly related to water tempera-
ture and river flow discharge in the case of L. sclateri. Water temperature
is widely recognized as the main factor conditioning cyprinid movements
in the Iberian Peninsula and could be driving fish movements for most of
the studied species (Garcia-Vega et al., 2021; Rodriguez-Ruiz and
Granado-Lorencio, 1992; Santos et al., 2012; Starrs et al., 2015). As indi-
cated by our GLM analysis, we can confirm the strong influence of the
water temperature on fishway use by fish. This factor generally co-varies
with flow regime (Murchie et al., 2008) and is generally strongly influenced
by flow patterns in regulated rivers (Fornaroli et al., 2020; Garcia-Vega
et al., 2021), as reflected in our results by the significant correlations
(Table S3).

The flow discharge inside the fishways was designed to be independent
of the river flow discharge and to maintain a relatively constant flow over
time, which is especially important in Mediterranean rivers strongly af-
fected by flow fluctuations throughout the year (Bravo-Cérdoba et al.,
2021; Romao et al., 2017). The results did not show any significant effect
on fish captures of the flow inside the fishways (Table 4), which together
with a high occurrence of small sizes and juveniles could indicate minimal
influence on fish passage (Romao et al., 2019). The highest flow stability
inside the fishways could favour their use as refuges (micro- or meso-
habitats), mainly for small individuals, which are especially important
in rivers with wide flow fluctuations (Miré et al., 2018; Silva et al.,
2020). In addition to the strong flow alteration, in the middle part of
the Segura River there is a reduction in the availability of refuges or
sheltered habitats a as consequence of fluvial and riparian degradation.
In fact, the usefulness of fishways as key compensatory habitats for juve-
nile cyprinids is enhanced in this area where larvae and juveniles are
more likely to be washed away during high flow discharges (Elosegi
et al., 2010).

5. Conclusions and recommendations

Multispecies fishways could be a useful tool in connectivity restoration
in strongly regulated Mediterranean rivers if they are well designed and im-
plemented, and would not only be suitable for migration and other kinds of
movements necessary for river fish populations but also play an important
role as compensatory habitats for fish with different biological require-
ments and behaviours. For the successful implementation of multispecies
fishways, it is essential not only to know their effectiveness for native spe-
cies but also to understand how the whole assemblage will use these facili-
ties, especially in areas highly invaded by nonnative fish where the risk of
spreading invasive species must be properly taken into account in ecologi-
cal restoration planning (Pratt et al., 2009; Radinger and Garcia-Berthou,
2020; Teréncio et al., 2021).
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Technical fishways could be as efficient as nature-like fishways in
highly regulated rivers, as they are logistically easier to implement
(Branco et al., 2013; Katopodis and Williams, 2012; Larinier, 2008;
Noonan et al., 2012) and, consequently, they are the typology most fre-
quently built (Silva et al., 2020). However, in the present study, nature-
like fishways seem to be an appropriate design to be implemented based
on the local hydrology, characteristic of Mediterranean rivers, as well as
on the fish ecology, because this design was the most used by the most
abundant resident river fish (rheophilic cyprinids) and because they were
not apparently used by nonnative fish (especially large limnophilics). As
nature-like bypasses offer a better alternative for a more holistic approach
for river restoration to try to re-establish a more natural dynamic in river
systems (Pander et al., 2013), our results suggest that nature-like fishways
may be considered more favourably in river restoration projects.
Nevertheless, more studies in different river basins will be necessary to
establish the behaviour of both native and nonnative fish in this type of
infrastructure.

Special attention to flow design inside fishways is essential given the
strong flow variability in Mediterranean rivers for successful operation
but also as a tool that facilitates or precludes their use by certain fish,
where flow effects could be used as a management measure of the fish as-
semblage structure (Starrs et al., 2015). In fact, captures inside technical
type fishways in the present study could indicate the potential use of
these passes in nonnative fish control. However, previously to the develop-
ment of this strategy, studies assessing the upstream passage of nonnatives
are necessary in order to consider the feasibility of deploying fish traps. In-
creased knowledge regarding the benefits and costs of multispecies fish-
ways will help to achieve more successful results when restoration
measures for river connectivity are implemented, and it could inform
water and wildlife managers as a basis for encouraging appropriate
policy-making processes.
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