
U
(

C
M
a

b

c

d

e

f

a

A
R
R
3
A
A

K
E
F
C
R
P

1

c
b
r
2
t
a
t
1
1

v
T

0
h

Ecological Engineering 51 (2013) 191– 202

Contents lists available at SciVerse ScienceDirect

Ecological  Engineering

j ourna l ho me  page: www.elsev ier .com/ locate /eco leng

se  of  electromyogram  telemetry  to  assess  the  behavior  of  the  Iberian  barbel
Luciobarbus  bocagei  Steindachner,  1864)  in  a  pool-type  fishway

.M.  Alexandrea,b,c,  B.R.  Quintellaa,d,∗,  A.T.  Silvab,f, C.S.  Mateusa,c,e,  F.  Romãoa, P.  Brancob,
.T. Ferreirab,  P.R.  Almeidaa,c

Centro de Oceanografia, Faculdade de Ciências, Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal
Centro de Estudos Florestais, Instituto de Agronomia, Universidade Técnica de Lisboa, Lisboa, Portugal
Departamento de Biologia, Escola de Ciências e Tecnologia, Universidade de Évora, Largo dos Colegiais 2, 7004-516 Évora, Portugal
Departamento de Biologia Animal, Faculdade de Ciências, Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal
Museu Nacional de História Natural e Departamento de Biologia Ambiental, Universidade de Lisboa, Rua da Escola Politécnica 58, 1250-102 Lisboa, Portugal
Faculdade de Engenharia, Universidade de Manitoba, Winnipeg MB R3T 5V6, Canada

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 9 July 2012
eceived in revised form
0 November 2012
ccepted 3 December 2012
vailable online 3 January 2013

eywords:
MG  transmitters
ish passage
yprinids

a  b  s  t  r  a  c  t

Decline  in  fish  species  populations  due to  river  regulation  by  dams  and  weirs  promoted  the  development
of  fishways,  which  are  becoming  one  of the  most  common  measures  for the  restoration  of connectivity
in  rivers.  Fishways  efficiency  can  be  species  specific  and  thus  monitoring  and evaluation,  and  subsequent
adjustments  to design  and  hydraulic  features,  are  required  to inform  potential  users  prior  to  installation.
In  this  study  we  tested  the  applicability  of electromyogram  telemetry  to study  the swimming  behavior
of  a cyprinid  potamodromous  species,  the  Iberian  barbel  Luciobarbus  bocagei  Steindachner,  1864,  in an
experimental  pool-type  fishway.  In total,  24  barbels  were  used  in  the  experiment,  12  of  which  were  tagged
with  EMG  radio  transmitters  equipped  with  electrodes  that  register  muscle  activity,  while  the  other  12
untagged  fish  were used  as control.  For  tagged  fish,  a relationship  between  swimming  speed  and  EMG
telemetry  signals  was  developed  in  a swimming  tunnel,  which  was  later  used  to  assess  barbels  swimming
iver connectivity
otamodromous migration

behavior  within  the  experimental  fishway.  Tagged  fish exhibited  high  passage  success  and  anaerobic  burst
swimming  was  only  required  to  move  through  the  submerged  orifices  of  the  fishway.  Barbels  spent  suc-
cessively  less  time  when  transversing  the pools  in  the  upstream  direction.  Measured  hydraulic  variables
that  were  related  with  barbels’  swimming  speed  within  the  fishways  were  the  water  velocity,  turbulent
kinetic  energy,  turbulence  intensity  and,  especially,  the  horizontal  component  of  Reynolds  shear stress,
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. Introduction

Fragmentation and loss of aquatic habitat, originated with the
onstruction of artificial barriers such as dams, weirs, roads or
ridges, are two of the most impacting anthropogenic actions in
iverine ecosystems (Dynesius and Nilsson, 1994; Jungwirth et al.,
000; Nilsson et al., 2005). In these systems, fragmentation is easy
o accomplish since a single damming event is enough to isolate
djacent river segments, contributing for the dramatic decline in

he range and abundance of freshwater fish (Cowx and Welcomme,
998; Jager et al., 2001; Lucas and Baras, 2001; Lucas and Frear,
997). Migratory fish that include river systems in their routes,
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these  parameters  when  designing  pool-type  fishways.
© 2012 Elsevier B.V. All rights reserved.

amely diadromous and potamodromous species, are particularly
ffected by this problem (Poulet, 2007).

The continuous decline of many fish species’ stocks promoted
he development of fishways, which emerged as hydraulic struc-
ures built to aid the movement of fish past the barriers and are
ecoming one of the most common measures for the restora-
ion of longitudinal connectivity in rivers (Alvarez-Vázquez et al.,
007; Clay, 1995; Katopodis, 2005; Knaepkens et al., 2007). The

mportance of such devices was  recently reinforced with the devel-
pment and application of water management tools, such as the
uropean Water Framework Directive (EWFD, 2000/60/CE), which
emands an effective and undisturbed migration of fish species as

 key component of watershed restoration (European Commission,
000). Pool-type fishways are the most common type of fishways

uilt at river barriers such as small hydropower plants and weirs
Larinier, 2002; Santos et al., 2012). These structures generally con-
ist of a series of pools, arranged in a stepped pattern, separated
y cross-walls that can be equipped with submerged orifices at

dx.doi.org/10.1016/j.ecoleng.2012.12.047
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
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he bottom and surface notches, whereby fish move from pool to
ool by leaping over the surface notches or swimming through the
ottom orifices. Their main purpose is to ensure the adequate dis-
ipation of water energy and offer resting areas for, predominantly
pstream, migrating fishes (Katopodis, 2005).

Studies on fishways have provided information on how fish use
hese facilities during their upstream migrations. Trapping fish in
shways at dams has been commonly used to assess the num-
er and species of fish that successfully negotiate the pass (e.g.
aras et al., 1994; Prchalová et al., 2006). Nonetheless, this method
oes not provide information on the effort and behavior of fish

n the vicinity of the obstruction and during ascent (Lucas and
rear, 1997). Furthermore, most of the studies developed to assess
he effectiveness of these structures mainly focus on diadromous
pecies, namely salmonids, due to their high economical and recre-
tional value (e.g. Bunt, 1999; Katopodis, 2005; Laine et al., 2002;
aughton et al., 2007), with a low emphasis given to coarse, pota-
odromous species, such as cyprinids, of low commercial value

Bunt et al., 2012; Puertas et al., 2012; Noonan et al., 2012; Roscoe
nd Hinch, 2010). Therefore, studies concerning the movements
nd behavior of these species are necessary, considering their bio-
ogical importance on the composition of fish assemblages. This
hallenge is specially highlighted in Iberian rivers, where cyprinid
shes are frequently the most dominant and abundant group of
pecies (Cabral et al., 2005; Doadrio, 2001).

Fish telemetry was reported for the first time in 1956 and since
hen it has been used extensively to monitor the activities and

ovements of migratory and resident fishes throughout the world
Cooke et al., 2004). Conventional telemetry methods only locate
ndividuals, being useful in determining positions and movements
f individual fish. Recently, biotelemetry technology has developed
nto a variety of highly sophisticated techniques that measure and
ransfer wireless information from free-swimming fish on phys-
ological variables such as heart rate, opercular rate and muscle
ctivity (Cooke et al., 2004). A radio transmitter was developed
hich detects and transmits the electromyograms (EMG) produced
uring axial muscle recruitment (Cooke et al., 2004; Thorstad et al.,
000). EMG  are changes in bioelectrical voltage strongly correlated
ith strength and duration of muscle contractions and, when mea-

ured, can be used directly as indicators of the relative fish activity.
his relatively recent telemetry technique offers the opportunity
o obtain quantitative estimates of the metabolic costs of activity
y free ranging fish released in the wild by calibrating EMG  to tail-
eat frequency, swimming speed or oxygen consumption (Cooke
t al., 2004; Kaseloo et al., 1992). Use of EMG  can provide insights
nto the relative swimming effort and energetic costs of migration
hrough particular types of habitat and passage structures and it
s a promising tool for watershed restoration and, in particular, for
he evaluation of fishway designs where direct visual observations
re frequently not possible (Hinch et al., 1996).

The Iberian barbel (Luciobarbus bocagei Steindachner, 1864) is
 potamodromous cyprinid endemic to the Iberian Peninsula and
ccurs in a wide range of lotic and lentic habitats and in almost all
he river basins of northern and central Portugal (Lobón-Cerviá and
ernández-Delgado, 1984; Magalhães, 1992; Oliveira et al., 2002).
t is considered a non-threatened species in the Iberian Peninsula
Cabral et al., 2005; Doadrio, 2001). During spring, this species

igrates upstream to spawn in gravel or sandy riverbed areas
ith fast water flow, thus being considered a reophilic species

Baras and Cherry, 1990; Baras et al., 1994; Rodríguez-Ruiz and
ranado-Lorencio, 1992). This species has received some atten-
ion in recent years through studies on its migration ecology (e.g.
antos et al., 2005) and aerobic swimming capacity (Mateus et al.,
008). More recently, some work has been done to investigate the
pecies’ behavior when moving through an experimental pool-type
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shway (Silva et al., 2009, 2011, 2012a,b). However, there is still a
ack of knowledge about some specific aspects of Iberian cyprinids
ehavior within such devices and the use of newly developed tech-
ology, such as physiological telemetry, remains a powerful and
ntested tool to assess the influence of fishway design and asso-
iated hydraulic features on the behavior, swimming performance
nd energetic costs related with the fishway passage of these fish.

The main objective of this study was  to test the applicability of a
iotelemetry technique, the EMG  telemetry, as a method to assess
he behavior of L. bocagei in an experimental fishway. Specifically,
he following questions were posed: (i) is EMG  telemetry a valid

ethod for assessing the behavior of fish within these structures?;
ii) does this species show any type of learning pattern during
he negotiation of the obstacle; (iii) is this fishway configuration
uitable for a cost-efficient passage of this species and (iv) which
ydraulic parameters affect the barbels’ swimming performance
ithin this type of fishway. We  expect this study to contribute

o the validation of the electromyogram telemetry as a monitor-
ng method for pool-type fishways and for improved knowledge
nd understanding of L. bocagei behavior during passage of this
ype of fishways. Data collected with this biotelemetry technique

ay  be useful for engineers involved in watershed restoration pro-
rams to help the design of new fishways and to modify existing
nes in order to improve attraction and passage efficiency and
uarantee the longitudinal connectivity enhancement (Cooke et al.,
004).

. Methodology

.1. Fish capture and tagging procedure

Between May  and July 2009 a total of 24 barbels of
omparable size (mean Lt ± S.D. = 45.1 ± 34.3 cm,  mean

t ± S.D. = 798.19 ± 200.40 g) were caught in River Sorraia
38◦59′N; 08◦17′E), a tributary of River Tagus basin, Portugal,
sing an electrofishing gear (Hans Grassl EL 62 generator, DC,
00 V, 10 A). Twelve of these fish were used as controls in the
shway experiments and 12 were tagged with implantable coded
lectromyogram radio transmitters (CEMG-R11-25; 12 g in air,
2 mm in diameter and 56 mm in length), manufactured by Lotek
ireless, Newmarket, Ontario. The transmitters weighted less

han 2% of barbels’ body weight in the air (Jepsen et al., 2002). Elec-
romyogram transmitters detect the voltage difference (potential)
etween electrodes in the muscles of fish (Brown et al., 2007;
ooke et al., 2004; Enders et al., 2007). The CEMG transmitter
utput was  detected and recorded by a portable combined receiver
nd data logger (SRX 400 from Lotek Wireless) through a coaxial
ntenna. Data were loaded into a computer for storage, processing
nd statistical analysis, through a RS-232 serial communication
ort using the software WINHOST.

The tagging procedure was  similar to that described by Booth
t al. (1997), Quintella et al. (2004),  Thorstad et al. (2000),  among
thers. Experimental fish were anaesthetized by immersion in 2-
henoxyethanol at a concentration of 0.4 ml/l and measured for
otal length (Lt) and total body weight (Wt). The fish were placed
n a V-shaped surgical table, ventral side up, and continuously sup-
lied with anesthetic solution at a lower concentration (0.3 ml/l) to
aintain sedation and gills oxygenation during the tagging proce-

ure. The transmitter was  placed posteriorly in the intraperitoneal
avity and the pair of gold-tipped electrodes was positioned, in par-

llel, into the left red axial musculature above the lateral line. The
istance and location of the electrodes was standardized in order
o allow a good EMG  signal reception, as well as accurate and con-
istent comparisons of activity between individuals (Beddow and
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cKinley, 1999; Bunt, 1999; Cooke et al., 2004). The complete sur-
ical procedure took ca. 10 min. All fish were left to recover for

 days in a 2000 l circular fiberglass holding tank under a con-
rolled photoperiod (12 h light:12 h dark) and water temperature
18 ± 1 ◦C).

.2. Calibration of CEMG transmitter output with swimming
peed

Following the 2-day recovery period, an individual calibration
rocedure was developed to convert CEMG transmitter output
rom the tagged fish into instantaneous swimming speeds. This
rocedure was conducted in a modified Brett-type swim tunnel
for more details on the swim apparatus see Mateus et al., 2008).
n the beginning of the calibration procedure, fish underwent an
cclimation period of 30 min  in the swim chamber at a low water
elocity of ca. 0.1 m/s. Transmissions from CEMG transmitter were
ecorded while the fish swam at 14 different speeds (0.2–1.5 m/s  in
.1 m/s  increments). Each swimming speed was maintained for a
aximum period of 5 min  and CEMG readings were recorded while

he fish was swimming steadily in place. Resting CEMG values were
ecorded when the animal was subjected to null water velocity,
emaining completely motionless for the entire prescribed interval.
he calibration procedure took about 4 h per fish, depending largely
n fish behavior. The calibration procedure was  videotaped with a
ime-synchronized digital video camera recorder (Sony DCR-PC1E).
ideo recordings were reviewed after testing to exclude CEMG
eadings that occurred when fish were not swimming steadily. The
emaining CEMG readings were expressed as an average for each
wimming speed. At the end of the calibration procedure, the fish
ere returned to the holding tank.

.3. Experimental fishway

The study was conducted in an experimental full-scale
ool-type fishway installed at the Hydraulics and Environment
epartment of the National Laboratory for Civil Engineering

LNEC), in Lisbon (Portugal). The pool-type fishway prototype was
omprised of a flume (10 m long × 1 m wide × 1.20 m high) on a
.5% slope with 6 pools (1.90 m long × 1.0 m wide × 1.2 m high),
ivided by five compact polypropylene crosswalls, each equipped
ith a submerged orifice (23 cm × 23 cm)  and side walls made of

crylic glass panels. This experimental apparatus also encompassed
wo concrete tanks, located at the upstream and downstream end
f the flume, with 1.5 m long × 1.0 m wide × 1.2 m high and 4.0 m
ong × 3.0 m wide × 4.0 m high, respectively. The first tank ensured
hat smooth flow entered the flume, while the latter was used as
n acclimation chamber. For a detailed scheme of the fishway see
ilva et al. (2011) and Santos et al. (2012).

.4. Hydraulics

During the experiments, the flow in the fishway was 65 l/s, and
he mean water velocity in the submerged orifices and pools was
.48 m/s  and 0.27 m/s, respectively. The submerged orifices were
laced in an offset arrangement, which was previously found to
e more beneficial for the passage of the Iberian barbel in a sim-

lar study concerning this species (Silva et al., 2012b), where it
as observed a higher rate of passage success relative to a straight

rifice configuration.
Instantaneous water velocity measurements were conducted
sing a 3D Acoustic Doppler Velocimeter (ADV) (Nortek AS), placed
ertically down. This device was selected for the measurements
ecause of its ability to correctly measure the three-dimensional
elocity components (x, y, z) of flowing water (Ead et al., 2004;

u
p
fi
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uiny et al., 2003). Flow pattern and head drop (�h) between
ools were similar in all pools (�h = 0.16 m).  Consequently, mea-
urements were made in the second downstream pool (P1) and
onsidered representative of the hydraulic conditions within the
shway. The measurements were performed at distinct horizon-
al planes parallel to the flume bottom, at 25, 50 and 80% of the
ool mean depth (hm). A predefined grid of 48 measuring points
as used as reference to the measurements in each plane. In total,

500 instantaneous measurements were recorded for each samp-
ing point. Measurements were recorded at 25 Hz for a sampling
eriod of 90 s in each point on the grid to determine the water veloc-

ty (WV), turbulent kinetic energy (TKE), turbulence intensity (TI)
nd Reynolds shear stress (RSS). The 90 s sampling period was con-
idered to be representative for an appropriate determination of
ean velocity and turbulence within the pool (Silva et al., 2011). To

nderstand and characterize the major hydraulic forces acting on
he fish and affecting its upstream movement within the fishway,
he RSS was determined for its three components: horizontal (XY,
�u′v′), vertical (XZ, −�u′w′) and transversal (YZ, −�v′w′), with �
eing the water density (1000 kg/m3) and u′, v′ and w′ are the fluc-
uating velocities in the X, Y and Z directions, respectively. To allow
or comparisons, all hydraulic parameters measured were made
imensionless by using maximum flow velocity at the orifice (V0)
Liu et al., 2006). A more detailed description of measurement pro-
edures, theoretical assumptions about these hydraulic variables
nd hydraulic patterns within the fishway (Fig. 1) are included in
ilva et al. (2011, 2012b).

.5. Fishway experiments

A total of 24 barbels were tested in the fishway experiment, of
hich 12 were tagged with CEMG transmitters. No surgery was
erformed on control fish, which were held under the same condi-
ions as the experimental fish. These individuals were used to test
ossible effects of CEMG transmitter implantation and subsequent
anipulation during the calibration procedure, by comparing the

wimming behavior between transmitter-implanted fish and con-
rols. The use of untagged fish was  also important to reduce the
tress of the tagged fish at the time of release in the experimental
shway since this species is commonly seen schooling during the
pawning migration.

Fish behavior was monitored directly through the acrylic glass
ide-walls of the flume and through a glass window located in the
ownstream tank by means of direct observation. These obser-
ations were supplemented by video recording, using an array
f two video cameras. At the beginning of the experiments, one
agged barbel and one control untagged animal were placed into
he attraction pool (P0) to freely ascend the fishway. Additionally,

 more detailed observation was focused on the barbels’ behavior
n the second downstream pool, which was considered to be rep-
esentative of the hydraulic conditions in the remaining upstream
ools. One camera was placed near the side wall of this pool (lat-
ral view) and another one was positioned above the water surface,
acing downwards (top view). Both cameras were placed at a fixed
istance from the pool. A reference grid of cells was placed above
he pool and guiding lines representing the three horizontal planes
0.25, 0.50 and 0.80), were placed near the side wall to aid in the
ideo monitoring process. Each trial was conducted for a maximum
uration of 180 min. CEMG readings from the transmitters signal
ere used to determine the swim speed of L. bocagei in the fishway,

ased on the calibration curve equation.

Video records of the second downstream pool were analyzed

sing the IVision Labview software from National Instruments Cor-
oration, allowing the collection of exact location and timing of
sh positions within the pool. A fish was  considered to occupy one
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Fig. 1. Hydraulic patterns associated with water velocity, turbulent kinetic energy, turbulence intensity and the three vectors of Reynolds shear stress (horizontal – uv,
v nd 0.
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ertical  – uw, tranversal – vw), measured at the three horizontal planes (0.25, 0.50 a
rifices. The size of the vectors in the WV figure represents the magnitude of this pa
ide.

ell, when more than half of its body length was  within a cell’s
oundaries.

.6. Statistical analysis

Regression analysis between average CEMG transmitter output
dependent variable) and swimming speed (independent variable)

as performed for all fish successfully calibrated in the experiment.

he adopted model was exponential because it was the best adjust-
ent to the data. An analysis of covariance (ANCOVA) was used

o compare the linear slopes and intercepts of the relationships

t
t
t
t

80 hm) in the second downstream pool, in an offset arrangement of the submerged
er values. In the color figures, the water flows from the bottom right to the top left

etween individuals and transmitters output (independent vari-
ble), using swimming speed as covariate. The objective of this
nalysis was to test if individual CEMG transmitters produce signif-
cantly different results in different fishes and to assess if a single
alibration equation could be used in future studies to calculate
wimming speed for all tagged fish.

To assess if the tagging procedure influenced the behavior of

he tested barbels, Mann–Whitney U-tests were used to compare
he behavior of tagged and control barbels regarding their passage
ime in each one of the four pools and the total amount of time they
ook to ascend the fishway during their first complete passage.
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Swimming speed values, derived from the EMG  signal recorded
uring fishway trials, were grouped in eight classes (0–0.2; 0.2–0.4;
.4–0.6; 0.6–0.8; 0.8–1.0; 1.0–1.2; 1.2–1.4; >1.4 m/s) for analysis of
wimming speed frequency distribution. A one-way PERMANOVA
nalysis was performed to compare barbel swimming speed fre-
uency distribution between each one of the pools (P1–P4) during
heir first ascent of the fishway. This analysis was performed using
he add-on package PERMANOVA for PRIMER + v6.0 (Anderson
t al., 2008).

Kruskal–Wallis tests, with a Simultaneous Test Procedure (STP)
Siegel and Castellan, 1988) for multiple comparisons, were used to
ompare the average swimming speed and passage time exhibited
y the barbels in each one of the pools. The same analysis was
pplied to compare the average swimming speed in the attraction
ool (P0) among the group of fish that did not enter the fishway,
he group that entered the fishway but did not successfully ascend
he entire fishway and the group of fish that successfully ascend
he entire fishway.

A Wilcoxon signed-rank test was used to test the differences
n the total time spent to ascend the fishway in the first and sec-
nd passages by the fish that successfully negotiated the fishway
t least two times. A Goodness-of-Fit test (Sokal and Rohlf, 1981)
as conducted to compare the swimming speed frequencies dis-

ribution between the first (expected values) and second (observed
alues) ascent of the fishway for each barbel.

Correlations between swimming speed values and mean
elocity, turbulent kinetic energy, turbulence intensity and three-
imensional Reynolds shear stresses were analyzed using the
pearman rank coefficient. All statistical analyses, with the excep-
ion of PERMANOVA, were conducted with R package (v2.11.1).

. Results

.1. Calibration of CEMG transmitter output with swimming
peed

No mortality occurred as a result of the surgical procedure used
o implant the transmitters and no infection was detected around
he incision area. At the end of each complete experimental pro-
edure, the barbels were sacrificed to confirm correct electrode
lacement and there was no evidence of internal damage from
he implantation of the tag and electrodes. Apparently, electrodes
emained in place (7.37 mm ± 1.35 average distance between elec-
rodes), though minor displacement may  have occurred but did
ot result in perceptible change in the EMG  signal. All successfully

alibrated fish exhibited a strong relationship (R2 ranged between
.744 and 0.960; P < 0.001) between CEMG transmitter output and
wimming speed (Table 1). The ANCOVA analysis conducted to test
he possibility of using the same calibration equation for all animals

m
p
e
a

able 1
elationships between CEMG transmitter output and swimming speed (m/s) for the 12 b
odels  were highly significant (P-value < 0.001).

Barbel ID Surgery date Calibration date 

#86 18-05-2009 21-05-2009 

#87 18-05-2009 21-05-2009
#90  25-05-2009 28-05-2009 

#91  25-05-2009 28-05-2009 

#94  01-06-2009 04-06-2009 

#95  01-06-2009 04-06-2009 

#98  08-06-2009 11-06-2009 

#99 08-06-2009 11-06-2009 

#102  15-06-2009 18-06-2009 

#103 15-06-2009 18-06-2009 

#106  22-06-2009 25-06-2009 

#107 22-06-2009 25-06-2009 
ineering 51 (2013) 191– 202 195

agged with the CEMG transmitters revealed significant differ-
nces in the intercepts (F11,124 = 6527.281; P < 0.001) and slopes
F11,113 = 4.812; P < 0.001) of the linear regressions of the tagged
arbels. Therefore, individual calibration of CEMG transmitter out-
ut with swimming speed was  performed for each tagged barbel
sed in the subsequent analyses.

.2. Experimental fishway study

No behavioral differences were observed between the fish
agged with the transmitters and the untagged fish used as con-
rol, since Mann–Whitney tests revealed no significant differences
etween the time spent by each group of barbels in each one
f the four pools (maximum U = 42.00; P > 0.05) and the total
mount of time they spent to ascend the fishway (U = 41.00,

 > 0.05).
Within the tagged barbels released in P0, 75% (N = 9) managed

o enter the fishway within the trial period while the remaining
5% (N = 3) did not leave the attraction pool. From the nine tagged
arbels that entered the fishway, seven managed to arrive at
he upstream end of the fishway while two did not achieve the
pstream end within the trial period and only reached one of the
our intermediate pools (P1–P4). These fish presented some activ-
ty in the pools allowing the record of suitable behavioral data
Table 2). All of the untagged control barbels managed to enter the
shway and 67% of them reached the upstream end of the fishway.

The PERMANOVA analysis conducted to test differences in
wimming speed frequency distributions did not revealed signif-
cant differences between any of the pools (F = 0.449; P = 0.734).
requency distributions of swimming speeds in P1–P4 are rep-
esented in Fig. 2. The Kruskal–Wallis analysis conducted to
est differences in barbels’ average swimming speeds, also did
ot reveal significant differences between the pools (�2 = 1.273;

 = 0.757). On the contrary, the same analysis revealed signifi-
antly different passage times between the four pools (�2 = 16.157;

 < 0.001). The test for multiple comparisons (STP) revealed that
arbels significantly spent more time negotiating P1 than the other
ools (Fig. 3a). For these analyses, only the seven barbels that com-
letely ascended the fishway into the upstream pool, at least once,
ere considered.

The average swimming speed in the attraction pool (P0) was
ignificantly different between the three groups of barbels clus-
ered considering their performance in the fishway ascent (i.e.
ot entered, entered or passed) (Kruskall–Wallis test; �2 = 6.471;

 < 0.05). The simultaneous test revealed a lower average swim-

ing speed in P0 for the barbels that did not left the attraction

ool during the entire fishway trial, intermediate for those that only
ntered in the fishway and the higher activity levels where detected
mong the barbels that passed the entire fishway structure (Fig. 3b).

arbels tested in the swim tunnel during the calibration procedure. All regression

Fishway trial date Calibration equation R2

22-05-2009 y = 2.824e1.084x 0.907
22-05-2009 y = 2.565e0.732x 0.816
29-05-2009 y = 2.165e0.749x 0.858
29-05-2009 y = 2.311e0.804x 0.729
05-06-2009 y = 5.462e0.671x 0.807
05-06-2009 y = 3.678e1.213x 0.940
12-06-2009 y = 5.111e0.708x 0.858
12-06-2009 y = 3.261e1.155x 0.900
19-06-2009 y = 5.614e1.139x 0.862
19-06-2009 y = 3.420e1.484x 0.960
26-06-2009 y = 9.056e0.565x 0.744
26-06-2009 y = 4.789e0.823x 0.916
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Table 2
Data on individual barbels tested in the fishway.

Barbel ID Time in P0 (min) Total time in pools (min) SS in P0 (m/s) SS in pools (m/s) % Time above Ucrit Ascent of the fishway

#86 72.3 21.0 0.59 0.43 10.7 Passed
#87  180.0 0.0 0.34 – 3.4 Not entered
#90 145.5 34.5 0.42 1.02 32.9 Entered
#91 75.3 15.3 0.62 0.71 17.3 Passed
#94 27.1 9.4 0.50 0.30 7.4 Passed
#95  109.5 24.1 0.45 0.53 9.9 Passed
#98  180.0 0.0 0.29 – 5.7 Not entered
#99  142.1 37.8 0.40 0.32 8.8 Entered

#102 75.4 9.2 0.49 0.39 3.3 Passed
#103 135.5 35.5 0.34 0.40 4.6 Passed
#106 180.0 0.0 0.18 – 0.4 Not entered
#107  136.7 43.3 0.65 0.71 27.9 Passed

SS: average swimming speed; P0: acronym for attraction pool; Ucrit: critical swimming speed; ascent behavior: not entered – fish that did not enter the fishway, entered –
fish  that entered the fishway but did not successfully ascend the entire structure, passed – fish that successfully ascended the fishway.

Fig. 2. Swimming speeds (m/s) recorded with tagged barbels during the passage time in 

Fig. 3. Average swimming speed (m/s) and passage time (min) in the four pools
(Pool 1–Pool 4) of the experimental fishway (a) and average swimming speed exhib-
ited  in the attraction pool (P0) by the three groups of fishes (b).
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pools (Pool 1–Pool 4) of the experimental fishway. SS: average swimming speed.

Fig. 4 presents a typical swimming speed vs. time graph for
 selected barbel (#103) that completely ascended the fishway.
naerobic burst swimming (above Ucrit) was only required to move

hrough the submerged orifices of the fishway, since the majority
f the barbels’ swimming velocities during that period were below
he theoretical Ucrit levels for a barbel of that particular Lt. The pro-
ortion of time spent by the tagged barbels below the theoretical
crit was much higher than the proportion of time spent above this
alue.

From the nine barbels that entered the fishway into any of the
ools or that completely passed through it, five manage to ascend it
t least two  times allowing the comparison of swimming speed fre-
uencies between the first and the second passage (Fig. 5). Most of
he analyzed barbels did not exhibited significant swimming speed
ifferences between the first and second fishway ascents, with the
xception of fish #102 and #107 who presented a significantly
igher proportion of the lower swimming speed classes during
he second fishway ascent (�2 = 190.04; P < 0.001 and �2 = 85.13;

 < 0.001, respectively). On the other hand, the total amount of time
hat barbels spent to ascend the fishway for the second time was

ignificantly lower (Wilcoxon’s test; Z = 5.031; P < 0.05) than the
ime spent for the first passage.

Eight of the tested barbels entered the second downstream
ool (P1) and successfully surpassed it at least one time, allowing
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Fig. 4. Behavior of the tagged barbel #103 (recorded as swimming speeds, m/s) during the ascent of the experimental fishway. The pie chart represents the average percentage
of  time spent by all the barbels above and below the theoretical critical swimming speed (Ucrit). Theoretical Ucrit and calculated swimming speeds corresponding to CEMG
transmitter output are shown in the Y-axis. Passages from one pool to the other are also identified (Px–Py): P0 – fishway attraction pool; P1 – fishway first rest pool; P2 –
fishway  second rest pool; P3 – fishway third rest pool; P4 – fishway fourth rest pool; P5 – fishway upstream pool.

F
n

T
S
w
p

ig. 5. Swimming speeds (m/s) and total time spent by the barbels during the first an
on-significant; **P-value < 0.001.

able 3
ummary of the results from Spearman rank correlations conducted to test the effects of
ater  velocity (WV), turbulent kinetic energy (TKE), turbulence intensity (TI) and Reyno
lanes, on fish swimming speed.

Dependent variable Independent variables 

Swimming speed (m/s)

WV (m/s) 

TKE (m2/s2) 

TI  

RSSuv (N/m2) 

RSSuw (N/m2)
RSSvw (N/m2) 
d second ascent of the experimental fishway. SS: average swimming speed. n.s.:

 the hydraulic parameters measured at the second downstream pool (P1), namely
lds shear stress at the horizontal (RSSuv), vertical (RSSuw) and transversal (RSSvw)

Spearman rank test, � P-value

0.22 <0.001
0.33 <0.001
0.22 <0.001
0.53 <0.001
0.04 0.093

−0.02 0.435
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ig. 6. Swim speed of an example barbel (#86) during passage time in the first p
eynolds shear stress at the three planes (uv, uw and vw) and (c) turbulence inten
ool.

he collection of suitable data for assessing the effects of the
ydraulic variables on fish swimming speed within each one of
he grid cells. Regarding this analysis, a significant positive rela-
ion between swimming speed and mean WV  (� = 0.22; P < 0.001)
as found for the tested fishes (Table 3; Fig. 6). A similar rela-

ionship with fish swim speed was also found for TKE (� = 0.33;
 < 0.001) and for TI (� = 0.22; P < 0.001). Like the previous param-
ters, the horizontal vector of RSS was found to be significantly
orrelated with swimming speed (� = 0.53; P < 0.001). Of all the
ydraulic variables tested, this was the one that exhibited the
ighest correlation coefficient with barbels’ swim speed. No sig-
ificant correlations were found between fish swimming speed
nd the other two RSS vectors, namely the vertical and transversal
lanes.

. Discussion
Studies analyzing the swimming behavior of fish according to
ifferent physiological and environmental conditions can provide
aluable tools for environmental managers to assess the quality
f the aquatic environment and its effects on target species. For

t
t
h
a

1) of the experimental fishway. (a) Water velocity, turbulent kinetic energy, (b)
e also presented. Hydraulic parameters vary according to fish location within the

xample, a manager that wishes to improve the design of a fish-
ay to allow the passage of a target fish species can use these data

o determine the adequate hydraulic arrangement to increase the
fficiency of that facility (Peake et al., 1997). Knowledge of fish bio-
ogical response within fishways can also be used to develop or
mprove computer models often used by engineers to evaluate the
fficiency of old or new fishway designs (Puertas et al., 2012). By
llowing the physiological analysis of fish swimming speed varia-
ions and energetic costs related with different hydraulic scenarios,
he output resulting from the use of these transmitters bridges

 gap associated to fishway designs based purely on swim tun-
el performance, which in some cases does not accurately reflect
eal field performances (Peake, 2004). The work described in the
resent study is particularly novel in its area because it repre-
ents the first attempt to analyze a cyprinid behavior within an
xperimental pool-type fishway, where several hydraulic condi-
ions and structural designs can be simulated, by using not only

he direct observation of fish but also more detailed and instan-
aneous information about fish physiological response to different
ydraulic conditions, through the use of EMG  sensors that record
xial musculature activity.
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Highly significant regressions were obtained between CEMG
ransmitter output and swim speed, which reveals that this tech-
ology is a good indicator of swimming activity, and thus behavior,
f this species in the wild. Also, during the calibration procedure,
ll tagged barbels performed well in the swimming chamber and
id not seem to be affected by the transmitters’ implantation in
erms of swimming capacity and behavior when compared with
he Mateus et al. (2008) study. These results clearly validate the
se of electromyogram telemetry as a method to study barbel
wimming physiology and reveal its potential to be used in future
tudies about this species behavior while moving through fishways
r other hydraulic structures. Moreover, our findings corroborate
ther telemetry studies, focusing on different species, which vali-
ate the use of electromyogram telemetry as a method to study fish
wimming physiology and recommend its use for the assessment
f fishway efficiency for the respective targeted species. (Almeida
t al., 2007; Brown et al., 2007; Hinch et al., 1996; Økland et al.,
997; Thorstad et al., 2000). Despite the strong potential of this
ype of transmitters, there are some issues that must be taken into
ccount in future applications of this methodology. EMG  output
nd swimming speed relationships significantly differed among
ested barbels. Therefore, considering the results from this study
nd previous ones (Brown et al., 2007; Cooke et al., 2004; Geist et al.,
002; Thorstad et al., 2000), all fish implanted with EMG  transmit-
ers should be individually calibrated prior to release to be able to
etermine their specific instantaneous swimming speed with the
lectromyogram records. Also, during the calibration procedure,
nsteady swimming and, consequently, less homogeneous CEMG
ecords at higher speeds (generally above 1.0 m/s) were observed
n most fish. According to several authors that had the same results

ith different species (Almeida et al., 2007; Thorstad et al., 2000),
his behavior is probably related to a less uniform swimming
ehavior near the Ucrit. At high speeds of burst swimming, which
an be frequently required in poor designed or unsuitable fish-
ays, the red muscle recruitment decreases while the intensity

f white muscle activity increases (Jain and Lauder, 1994). In fact,
n some of the tagged barbels the CEMG signals recorded at the
ighest speeds decreased. Therefore, in future fishway evaluations
sing this telemetry method, one should have in mind that the
igher swimming speed records may  be underestimated with this
ampling technique if the electrodes are implanted in the red axial
usculature.
Learning to use the favorable flow patterns to swim during fish-

ay ascent has been suggested as an explanation of fish improved
ovement through these facilities (Laine, 1990). Theoretically, in

his study, during the successive passages of four pools with sim-
lar flow conditions or between two complete fishway ascents, it

as expected that the barbels would acquire some knowledge of
he flow patterns within the experimental facility and, therefore,
ould choose more stable areas that require less muscular effort

o negotiate the obstacle. This assumption was not demonstrated
n this study, since the tagged barbels did not exhibit significant
ifferences in swimming speed between any of the four pools and
nly two of them presented a distinct swim speed frequency dis-
ribution between the first and second fishway ascent. Regardless
f this, significant differences were found between the four pools
hen the compared variable was the passage time. Also, barbels

pent significantly less time to perform the second complete ascent
f the fishway when compared to the first one and the time was
onsistently reduced in following passes. The “learning” pattern
ound in this study was mostly reflected in the knowledge of how

o get in and out of the pools and of the entire fishway and it prob-
bly takes more time, and attempts, for the fishes to learn how to
erform a less physiologically demanding path. These results have
o be looked carefully because of the relatively low sample size of
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sh that performed a second fishway ascent and more tests, with
 prolonged duration than this one and in larger fishways, should
e conducted using EMG  transmitters to further clarify this issue.

n a study developed by Collins et al. (1962) with salmonids in an
xperimental fishway, it took almost two  days of passage attempts
efore the fishes started to show an increase in passage success
ate and a decrease in the blood-lactate level, used as an index of
uscular fatigue, after the fishway ascent.
In the present study, barbels with different activity levels in

he attraction pool also obtained distinct success in ascending the
shway. Fishes that completely ascended the fishway exhibited
igher average swimming speed values in the first downstream
ool than the ones that only ascended to the middle of the struc-
ure or did not leave the attraction pool during the entire trial,
omehow making it possible to predict the fish passage success
ased on their level of activity in the fishway entrance. Nonethe-

ess, the hydraulic conditions (flow patterns, water velocity and
ow discharges) in the vicinity of the entrance of a fishway are the
ain factor determining its’ attraction (Larinier, 2002). As cited

y Scruton et al. (2007), previous work performed in fishways
etermined that Atlantic salmon (Salmo salar L.) may  spend sev-
ral days milling at the fishway entrance and making attempts to
nter it before proceeding through the fishway. This could mean
hat, in this study, barbels that did not enter the fishway during the
stablished trial period, eventually, might have entered later. More
tudies concerning these aspects of fishway design and operation,
sing a higher number of fish and different hydraulic conditions,
hould be conducted in order to clarify this question.

The EMG  telemetry applied revealed that barbels had to exceed
heir critical swimming speed (defined by Mateus et al., 2008)
nly during passage through the submerged orifices. Although fish-
ay ascent was not too much energetically demanding for barbels,

bservations of burst swimming while passing the orifices suggest
hat energy use could be high at these points (Pon et al., 2009).
his has been also reported by Booth et al.  (1997),  who found that,
or Atlantic salmon, the ascent of an experimental fishway may
nvolve activity beyond its aerobic scope. These authors described

 rapid increase in salmon muscular activity to above Ucrit values,
hich remained elevated throughout the fishway ascent. Previous

tudies have shown that a significant oxygen debt is acquired dur-
ng fish anaerobic activity (Wood et al., 1983) and the energetic
osts of recovering from this may  be greater than their aerobic
cope (Beamish, 1978). The fishway configuration analyzed in this
tudy through the use of EMG  proved to be adequate for the suc-
essful passage of the target species confirming previous studies
onducted in the same hydraulic infrastructure (Silva et al., 2009,
011, 2012b). However, even successful passage through a fishway
an have deleterious effects on fish that could lead to delayed mor-
ality and negatively affect fish fitness to the point of upsetting the
osterior success of their spawning migration and reproduction
Brown et al., 2006; Gowans et al., 2003). In a study to evaluate the
ost-fishway passage survival and reproductive success of sockeye
almon (Oncorhynchus nerka), Roscoe et al. (2011) found that the
sh passage through a tail race and a vertical slot fishway involv-

ng anaerobic activity, had a significant impact on the success of the
pecies spawning migration since approximately half of the migrat-
ng adults that passed upstream through these structures failed
n reaching spawning grounds. Hinch and Bratty (2000),  using the
ame EMG  technique to evaluate the fishway passage of sockeye
almons found that fish that spent longer time periods (>10 min)
bove their Ucrit could not complete their upstream migration even

fter fishway negotiation in opposition to fish that spent reduced
eriods under Ucrit, which were successful migrants. According to
rchalová et al. (2006),  several freshwater cyprinids (bleak Alburnus
lburnus L., barbel Barbus barbus L., roach Rutilus rutilus L. and dace
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euciscus leuciscus L.) use fish passes not only during their spawning
igrations but also during other periods of the year. Smaller bar-

els than the ones used in the present study, for which the Ucrit
alues differ significantly (Mateus et al., 2008), can more easily
xceed their aerobic scope and stay for longer periods above it, thus
uffering from post-passage effects, an issue that fishway designers
nd engineers should take into account when implementing this
ype of structures. However, according to Penáz et al. (2002) the
roportion of mobile barbels is relatively low in smaller and middle
ize classes, increasing for the larger classes, which makes the lat-
er a more important study object when dealing with connectivity
roblems.

This study showed the existence of a positive relationship
etween barbels’ swimming speed and some hydraulic variables,
amely the water velocity, turbulent kinetic energy, turbulence

ntensity and horizontal Reynolds shear stress, highlighting the
mportance of these parameters when building fishways for this
pecies. The swimming speed exhibited by Iberian barbels was
ower in cells with reduced water velocity and turbulence, imply-
ng that in these areas the barbels had to do less muscular effort
o maintain their position (Enders et al., 2007; Pavlov et al., 2000).
hese conditions were primarily found near the bottom of the fish-
ay, on the recirculation zone, where fishes were found to spend
ost of their time during the fishway ascent. Several studies have

hown that recirculation areas on pool-type fishways can become
raps for fishes, drastically increasing the transit time in each pool
nd thus compromising the passage through the facility (Tarrade
t al., 2008). Despite the fact that this phenomenon could have
ffected some of the fishes tested in this study, the high proportion
f barbels that successfully negotiated the fishway in a relatively
hort period, indicates that most of the fish used these areas essen-
ially for resting before moving toward higher velocity and more
urbulent regions in the vicinity of the orifices, where burst swim-

ing was required. These anaerobic swimming efforts, apparently
ecruiting fast-glycolytic (white) muscle to ascend the flume, are
ery powerful, but rest and recovery periods are necessary to clear
uscle H+ and lactate build-ups and to restore glycogen stores,

s shown for rainbow trout (Milligan and Wood, 1986). However,
his study was performed under controlled laboratorial conditions
nd the high permanence time in these resting areas could have
ad other negative impacts on barbels if we were dealing with a
eal fishway in the field, since delayed fishway passages could also
esult in increased predation (Hinch and Bratty, 2000; Pelicice and
gostinho, 2008).

Reynolds shear stress, in particular its horizontal component,
as found to be the hydraulic variable with the highest influence on
sh swimming speed, suggesting the importance of this turbulent
escriptor on barbels’ behavior and physiological response within
his type of fishway. The maximum shear stress values obtained in
he present study (near 0.080 N/m2) were far from those reported
o cause injuries or mortalities on fishes (Cada et al., 2006). How-
ver, according to the results presented in this study, in areas with
igher shear stress, some disorientation may  have happened, due
o the effect of larger turbulence vortex systems on the fish body
urface (Odeh et al., 2002), and the tagged barbels had to per-
orm at a higher muscular cost to maintain their position until

oving forward or being dragged downstream. Silva et al. (2011,
012a,b), when studying the relationship of these hydraulic vari-
bles with fish transit time within the fishway, found that barbels
end to spend less time on areas with high velocity, turbulence and
hear stress. These results support the ones obtained in the present

tudy, thus implying that during the fishway ascent barbels tend to
pend more time in stable zones, avoiding turbulent areas where
he energy expenditure and muscular effort would increase to val-
es near their critical swimming speed and only moving to more

B

B

ineering 51 (2013) 191– 202

urbulent areas when trying to pass the orifice to the upstream
ool. Other authors presented similar results for different species

ndicating that turbulence and other associated measures like shear
tress tend to induce higher fish swimming costs (Cocherell et al.,
011; Enders et al., 2007; Tritico and Cotel, 2010). On the other
and, Lupandin (2005) describes a negative relationship between
urbulence and swimming performance, mostly reflected on a loss
f balance and a consequent decrease in fish swimming speed when
acing high turbulence, contradicting our results. However, this
uthor used a different methodology, implementing flow incre-
ents until a turbulence level was  reached that was  high enough

or the fish to give up swimming and be carried downstream, mea-
uring the hydraulic value at that point. Our study provides more
recise and almost instantaneous information about the muscular
ffort (2 s average) exhibited by fishes to maintain their swimming
osition in different hydraulic conditions, a result only possible
ith the use of electromyogram telemetry.

EMG  telemetry technology has been, and can be, used in several
elds of fish research allowing a reliable estimate of muscle activity
or swim speed) and thus energy expenditure in field experiments.
n this study, this technology offered valuable and detailed infor-

ation about fish movements, behavior and relationship with the
ydraulic environment, which can be used to improve the design of
hese structures, allowing the migration and access to new habitats
f fish species with minimum energy expenditure. New fishways
r adaptations made to old ones can be planned and adjusted to fit
he capacity of the target species. Biologists and engineers may  be
ble to use EMG  telemetry to determine where and how to restore
iver environments in order to facilitate fish migration (Hinch et al.,
996). This study demonstrated that radio transmitted CEMG sig-
als can be used to determine the swim speed and thus the behavior
f L. bocagei and to evaluate fishway design in relation to their effi-
iency for this particular species, opening good perspectives for the
pplicability of this technique to similar cyprinids.
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