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Abstract Downstream guidance of migrating fish
is a major conservation challenge in fragmented riv-
erine systems, where orientation depends on fine-
scale environmental cues and physiological readi-
ness. Flow manipulation is increasingly explored to
improve behavioral guidance at hydropower facili-
ties, particularly for salmonids during the smolt stage.
We investigated the effects of laterally injected jet
flow on stress physiology and behavior of Atlantic
salmon (Salmo salar) smolts in a large-scale flume.
Fish were exposed to three treatments: jet flow from
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the left (Left Jet), from the right (Right Jet), and no
flow (Control). Physiological analysis revealed that
the Right Jet treatment significantly elevated malon-
dialdehyde (MDA) levels and increased the activity
of the antioxidant enzymes catalase (CAT) and glu-
tathione peroxidase (GPx) in erythrocytes, indicating
the presence of oxidative stress. No significant effects
were detected for cortisol (plasma), hemoglobin and
lactate (whole blood), or advanced oxidation protein
products (AOPP, erythrocytes). Behaviorally, smolts
showed a consistent left-side preference and swam
predominantly near the bottom, regardless of treat-
ment. Nevertheless, jet flow did not significantly alter
lateral or vertical swimming distribution. Together,
these results demonstrate that sublethal physiologi-
cal strain can occur without overt behavioral change,
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underscoring the value of integrative, non-lethal
approaches for evaluating fish responses to hydrody-
namic conditions in guidance systems.

Keywords Atlantic salmon - Behavioral guidance -
Downstream migration - Oxidative stress - Stress
analysis - Spatial behavior

Introduction

River connectivity is a fundamental feature of rivers
and is crucial to maintaining the vitality of riverine
ecosystems (Feio et al., 2023). The fragmentation
of habitats poses a significant challenge, obstructing
the natural pathways of migrating fish and disrupting
the intricate balance of aquatic systems (Barbarossa
et al., 2020). Disruptions to these pathways can lead
to reduced population sizes, genetic isolation, and
even the extirpation of species from specific areas
(Pavlova et al., 2017; Coleman et al., 2018). Efforts
to restore river connectivity and mitigate the effects
of habitat fragmentation are thus imperative for main-
taining the health and functionality of riverine eco-
systems (Sun et al., 2023).

In this context, systems for guiding downstream
migrating fish into bypasses past obstacles like dams
are crucial for successful passage. Behavioral guid-
ance systems, which rely on non-physical cues such
as light, sound, or flow manipulation, aim to redirect
fish toward safe passage routes, but their effectiveness
remains variable across species and settings (Stoilova
et al.,, 2025). Even when downstream protection
measures, such as bypasses, are implemented, they
do not always work well because the solution does
not adequately consider that the fish often follow the
river’s main flow (Coutant & Whitney, 2000). When
insufficient flow is redirected toward the fish pass, the
fish may pass through the turbines, often resulting in
severe injury or death and hence hindering their suc-
cessful migration (Ben Ammar et al., 2020).

Altered flow can support downstream migration
by creating favorable guidance conditions and cues
that migrating fish naturally follow (Zoschg et al.,
2023). While much attention has been given to the
engineering and behavioral aspects of guidance sys-
tems, understanding the physiological impact of such
systems is equally important. As such, physiologi-
cal stress responses serve as key indicators of fish
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welfare and behavioral state (Schumann et al., 2024).
Physiological stress responses also provide valuable
insight into how fish interact with their environment
(Piva et al., 2022; Pacchini et al., 2023). Understand-
ing these responses is crucial for anticipating how
fish react to environmental stressors and for designing
migration systems that support welfare. Since stress
can affect key life-history traits such as growth, repro-
duction, and survival (Carragher et al., 1989; Balasch
& Tort, 2019; Pfalzgraff et al., 2022), it is essential to
include physiological indicators when evaluating the
impact of fish guidance systems.

Altered hydrodynamics and increased swimming
activity can release stress hormones such as cortisol
and induce the formation of oxidative stress generated
by reactive oxygen species (ROS) (Farrell et al., 1998;
Amérand et al., 2017). In fish, stress arises from envi-
ronmental challenges (stressors) that activate neu-
roendocrine pathways such as the hypothalamic—pitu-
itary—interrenal (HPI) axis (Best et al., 2023). This
cascade influences metabolic, immune, and oxidative
processes, ultimately affecting energy allocation, cel-
lular function, and behavioral flexibility. While such
responses promote short-term survival, chronic acti-
vation can impose physiological costs that impair
growth, reproduction, and welfare (Borba et al., 2022;
Pfalzgraff et al., 2022; Best et al., 2023).

ROS can initiate lipid peroxidation, particularly in
polyunsaturated fatty acids (PUFAs) that are abun-
dant in fish cell membranes. Unlike mammalian
erythrocytes, fish red blood cells contain mitochon-
dria and a high PUFA content (Birnie-Gauvin et al.,
2017), which increases the risk of structural instabil-
ity and functional impairment of the cell membrane
(Conrad et al., 2018). The peroxidation of membrane
lipids not only compromises membrane fluidity and
integrity but also generates reactive aldehydes, such
as malondialdehyde (MDA), which can form covalent
adducts with proteins and contribute to oxidative pro-
tein damage (Witko-Sarsat et al., 1998). To counteract
this, fish rely on antioxidant enzymes like superoxide
dismutase (SOD), glutathione peroxidases (GPx),
catalase (CAT), and peroxiredoxins. These enzymes
neutralize ROS and limit cellular damage, with oxida-
tive status assessable via established biomarkers such
as MDA and advanced oxidation protein products
(Khare et al., 2019; Chatzidimitriou et al., 2020; Piva
et al., 2022; Pacchini et al., 2023). Accordingly, the
use of whole blood, including both plasma and red
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blood cells, is an established but still underutilized
minimally invasive strategy for small fish such as
smolts, where sample volumes are limited and non-
lethal sampling is desirable. This approach enables
the simultaneous assessment of hormonal and oxida-
tive stress markers, thereby maximizing physiological
insight while adhering to welfare-conscious practices.
A novel passage strategy currently under inves-
tigation involves using high-capacity pumps or jets
to manipulate surface flow direction and guide fish
away from turbines and toward bypasses. This strat-
egy aims to leverage natural flow-following behav-
ior to enhance fish passage, but its physiological
implications remain poorly understood. While tests
of this method’s effectiveness are ongoing, it also
raises questions about its effect on the physiology of
the fish. Smolts of the Atlantic salmon (Salmo salar
Linnaeus, 1758) are particularly relevant in this con-
text, as they possess strong downstream migratory
instincts and exhibit surface-oriented behaviors that
make them vulnerable to hydrodynamic disturbances
and ineffective bypass cues (Nyqvist et al., 2017). For
this reason, smolts are also a primary target for safe
downstream passage solutions. Because flow asym-
metries can alter turbulence and velocity gradients,
we expected that jet orientation would generate dis-
tinct hydrodynamic conditions and potentially elicit
side-specific physiological or behavioral responses.
In this study, we tested whether and to what extent
jet flow injection affects salmon smolts, both in terms
of behavior and stress generation. To pursue this
aim, we analyzed direct changes in the physiologi-
cal response, including lactate and hemoglobin blood
concentration. Variations in hemoglobin impact oxy-
gen transport and, as a result, swimming stamina, and
elevated lactate levels suggest high muscular activity
and energy usage (Farrell et al., 1998; Weber et al.,
2016; Amérand et al., 2017). To assess whether
behavioral changes correlated with physiological
effects, we quantified individual swimming trajecto-
ries using video tracking, focusing on lateral position
and depth occupancy across different jet flow condi-
tions. These behavioral observations were evaluated
alongside established stress-related physiological
parameters, such as blood cortisol levels, two oxida-
tive damage markers (MDA, AOPP), and the activity
of specific antioxidants (SOD, GPx, CAT) in eryth-
rocytes. The idea was to take a holistic approach
by integrating physiological and behavioral data to

understand how fish acclimate to dynamic aquatic
environments and ultimately to use this knowledge to
support safer downstream migration.

Materials and methods
Experimental setup

The experiment was conducted in the Laxeleratorn,
a recirculating ethohydraulic race-track flume at
the Vattenfall Research and Development Center in
Alvkarleby, Sweden, in May 2022. The flume con-
sisted of two sections, each measuring 24 m in length,
4 m in width, and 1.7 m in depth (Fig. 1). The sec-
tions were interconnected at the ends, enabling flow
to circulate in the flume at a rate up to 16 m> s™'. For
the experiments, the flume was blocked to prevent the
fish from passing through both at the start and in the
catch region, thereby increasing the probability of
catching the fish after the trial and preventing pos-
sible entrapment of the smolts in the pump openings
during the trial.

Three treatments were tested: one with injector
flow on the left side of the flume (Left Jet), one with
injector jet flow on the right side of the flume (Right
Jet), and a control with no injector flow (Control).
The flume’s main recirculating current was clock-
wise, producing higher bulk velocities along the outer
(right-hand) bend. Consequently, the Left Jet rep-
resented the inner curve and the Right Jet the outer
curve, where local acceleration and turbulence inten-
sity were expected to be greater. This design allowed
us to test whether smolts responded to jet orientation,
turbulence asymmetry, or merely to the presence of
an additional flow cue.

All conditions were replicated six times using
novel fish for each trial. For the jet flow injectors,
non-protruding nozzles were installed on each lat-
eral side of the flume about 5 m from the upstream
end. Each injector jet extended vertically over the
full water column (~1.5 m) and was oriented hori-
zontally to generate a lateral acceleration zone along
the wall. Flow visualization during calibration indi-
cated that jet momentum dissipated within approxi-
mately 2—3 m downstream, merging smoothly with
the background current without inducing large-scale
recirculation or surface disturbances. The size of each
nozzle was 0.077 m?, producing a flow rate of ~115 L
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Test arena
Left jetinlet

—

Fig.1 Schematic drawing of the experimental arena. The
flume consisted of a U-shaped, semi-loop structure with a des-
ignated test arena, located immediately downstream of the lat-
eral jet outlets, where behavioral observations were made. Fish
were released from a centrally positioned start box and entered
the test arena via one of four parallel entry channels (numbered

s (2ms™). These jet velocities are within the range
typically used in behavioral guidance systems or sur-
face attraction flows at hydropower bypass entrances
(I-3 m s™'; Schwevers & Adam, 2020; Calles et al.,
2021). While they are lower than turbine velocities,
the aim of the experiment was to simulate flow cues
that could potentially be used in a behavioral solu-
tion to steer fish away from turbine intakes. In rela-
tive terms, the injected jet represented approximately
15-20% of the flume cross-sectional flow, creating a
lateral velocity gradient without exceeding the swim-
ming capacity of Atlantic salmon smolts (~2.5 body
lengths s Peake et al., 1997). This ensured that fish
experienced hydraulically realistic but sublethal flow
conditions suitable for behavioral and physiological
assessment.

Fish were released from a centrally positioned start
box at the beginning of each trial.

Jet flow

Flow fields generated by the injector jets were quan-
tified using a three-dimensional acoustic Doppler
velocimeter (ADV) operated by Vattenfall AB. Meas-
urements were conducted in the 2 m-deep, 4 m-wide
test section to obtain detailed velocity profiles across
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1-4, visible in the schematic), before continuing downstream
through the jet flow region and into the catch zone. The four
hexagonal symbols depict the pumps for the lateral jet injec-
tors (far left) and the main flow of the flume (far right). Arrows
indicate the direction of water flow

the experimental area. In accordance with the experi-
mental protocol, only one jet nozzle operated during
each measurement series, and baseline conditions
were recorded with the jet deactivated. The flume’s
main recirculation system maintained a uniform back-
ground flow of 0.5 m s™!, while the jet was operated at
300 rpm (Q=115L sh. Velocity data were collected
at three longitudinal stations (0, 1, and 2 m down-
stream from the nozzle) and across nine lateral posi-
tions spaced at 0.5-m intervals along the 4 m channel
width. At each lateral location, vertical profiles were
sampled at four depths (0.1, 0.6, 1.1, and 1.4 m).

Animals and experimental procedure

Salmo salar smolts, with an average length of
154+1.6 cm (SD), were sourced from the River
Daldlven’s wild progenitors and procured at the
Vistand hatchery in Alvkarleby, Sweden. These
smolts underwent a rigorous acclimation period span-
ning three weeks within segregated tanks measuring
3.5 m®. The tanks were supplied with water from the
River Daldlven, the same water used in our flume
experiment. Water quality was continuously moni-
tored both in the flume and the holding tanks. In both,
the water temperature averaged 10 °C, consistent
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with natural river conditions. Dissolved oxygen lev-
els were not directly measured, but flume conditions
ensured complete aeration through recirculation and
turbulence, and no fish exhibited signs of hypoxia.
pH and total nitrogen were recorded by facility instru-
mentation but were not retained for analysis.

For each trial, 20 smolts were gently netted under
low-light conditions from the holding tanks and trans-
ferred in a covered container to a start box inside the
flume. Fish were placed in a starting box and accli-
mated for 15 min before the experiments began. Each
fish was only used once during the study. Trials lasted
60 min and were repeated 6 times per treatment over
four continuous days. The order in which these three
treatments were conducted was randomized. For each
time point and treatment group, three of the 20 fish
were caught immediately after each trial and anesthe-
tized using benzocaine at a concentration of 60 mg/L
(Sigma-Aldrich, Saint Louis, MO, USA). The first
three individuals reaching the downstream catch zone
at the end of each trial were selected for blood sam-
pling. As all fish had traversed the entire test arena
before being captured, the sampled individuals had
necessarily passed through the jet region at least once
to ensure consistency and avoid handling artifacts,
with blood collected within less than three minutes of
retrieval.

Blood samples were taken with a syringe from the
caudal vein, a maximum of 3 min after the catchment
from the flume, and transferred to heparin tubes (BD
Vacutainer, Sarstedt, Niimbrecht, Germany). Lactate
(Lactate Pro 2, ARKRAY, Koka-Shi, Japan), hema-
tocrit, and hemoglobin (InSight HCT Meter, Wood-
ley Equipment, Bolton, UK) were measured directly
in whole blood, as described by the manufacturer
of the equipment used. After centrifugation of the
heparin tubes at 10,000x g for 10 min (Eppendorf
5415D, Hamburg, Germany) to separate blood cells
from plasma, the samples were stored at —20 °C until
analysis.

Cortisol analysis

Plasma samples were analyzed using a specific micro-
titer radioimmunoassay (RIA), following the protocol
described by Bertotto et al. (2010). Briefly, 25 pL of
plasma was extracted using diethyl ether, dried, and
reconstituted in phosphate buffer before being assayed
using specific cortisol antibodies and radio-labeled

tracer. Radiation was measured with a beta-counter
(Top-Count NXT, Perkin Elmer, USA). This RIA
method is fully validated and routinely applied in our
laboratory for Salmo salar, as established by Borto-
letti et al. (2022), with demonstrated accuracy and
reproducibility for small-volume plasma samples.

Oxidative stress and antioxidant enzyme assays

To assess lipid peroxidation, 42 mM sulfuric acid
and phosphotungstic acid solution (Sigma-Aldrich)
were utilized according to the manufacturer’s instruc-
tions (Lipid Peroxidation (MDA) Assay Kit, Sigma-
Aldrich, Merck, Darmstadt, Germany). For the fol-
lowing analysis described below, red blood cells were
homogenized with a pestle using a 1:4 w/v ratio in 10
mM Tris HCI buffer (pH 7.6), supplemented with 0.5
M sucrose, 0.15 M KCl, and 1 mM DTT, while main-
tained at 4 °C. Samples were centrifuged for 30 min
at 24,000 g (Eppendorf 5415D, Hamburg, Germany).
The resulting cell-free extract was used for the analy-
sis of Advanced Oxidation Proteins (AOPP) and the
enzymatic activities of SOD, GPx, and CAT.

AOPP was measured in 25 pL of tissue homogen-
ate in duplicate, following the protocol described by
Witko-Sarsat et al. (1998). The absorption was meas-
ured at 340 nm using a chloramine-T standard (Spec-
traCount AS10000, Packard, Netherlands).

SOD activities were evaluated based on the
method established by Beauchamp and Fridovich
(1971), employing a 50% reduction in the NBT
reduction rate to define one unit of SOD activity.
GPx Se-dependent activity was assessed according to
the approach described by Livingstone et al. (1992),
involving monitoring GSSG formation within a cou-
pled enzyme system utilizing glutathione reductase.
The assay was conducted at 340 nm, with one unit of
activity corresponding to the oxidation of 1 pmol of
NADPH per minute. The activity measurement uti-
lized H,0, as a substrate. CAT was determined using
the method of Livingstone et al. (1992), focusing on
the reduction in H,0O, at 240 nm. For quantification,
one unit of activity was defined as the amount of
enzyme catalyzing the dismutation of 1 pmol of H,0,
per minute.

All analyses were normalized with the protein con-
centration measured with the Thermo ScientificTM
Pierce BCA Protein Assay Kit (Waltham, MA, USA).
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Behavioral analysis

Smolt behavior was analyzed to assess whether
exposure to different jet flow configurations influ-
enced spatial swimming patterns. Observations
were confined to the test arena (Fig. 1), defined as
the area immediately downstream of the jet out-
lets, where visibility was sufficient for reliable
behavioral scoring. Due to bubble interference in
the far field, behavioral data were limited to the
moment fish encountered and entered the jets, but
not to their movement further downstream. For the
video analysis, 12 camera angles were preselected,
and video footage was analyzed using Behav-
ioural Observation Research Interactive Software
(BORIS; Friard & Gamba, 2016). Camera angles
included top-down and lateral views focused on the
region where fish entered the test arena. To facili-
tate position-based scoring, the flume floor was
painted white and marked with four black trans-
verse lines, providing spatial references in both the
lateral and vertical planes.

Fish were recorded continuously for 60 min per
trial. Videos were anonymized with respect to treat-
ment group (Control, Left Jet, Right Jet), and all anno-
tations were conducted blind by a trained observer
using BORIS (Behavioural Observation Research
Interactive Software; Friard & Gamba, 2016). Each
behavioral event was defined as a discrete spatial
observation lasting at least one second. The two main
spatial descriptors used in this study were (a) lateral
swimming position, categorized as left, middle, or
right, based on the fish’s observed position across the
flume width at the moment of entering the jet region.
This scoring was guided by the floor markings and
fixed spatial references in the video frame; and (b)
vertical swimming position: categorized as surface,
mid-water, or bottom, corresponding to thirds of the
water column, visually estimated based on camera
perspective and structural references.

Fish were typically observed swimming close to
structural boundaries (bottom or side walls), allowing
deviations into “middle” categories to be distinguished
with confidence. In cases where multiple fish were vis-
ible, group size was also recorded (1-5 individuals).

To summarize spatial swimming preferences, we
computed a Swimming Path Index (SPI) per trial,
defined as:
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(Npes X 1+ Nygigaie X 2 + Npjgpe X 3)N
(Niesr + Nugiadte + Nrighr)

SPI =

where Nyeq Nyjigae, and Ngjgn are the number of
observations per lateral category. SPI values range
from 1 (exclusive left-side use) to 3 (exclusive right-
side use), with 2 indicating no lateral bias.
Additionally, the entry channel used by each fish
to access the test arena was recorded as a second-
ary proxy for lateral preference prior to jet expo-
sure. Four parallel side channels connected the
upstream start box to the test arena, numbered 1
(innermost) to 4 (outermost, following the flume’s
left curve). Entry was defined as the moment a fish
exited a channel into the test arena, as determined
from side camera footage. Both initial entries and
subsequent re-entries were included in the analysis.

Statistical analysis

All statistical analyses were performed using R
software version 4.1.0 (2021-05-18) and IBM
SPSS Statistics for Windows, Version 28.0 (IBM
Corp., Armonk, NY, USA). Data normality and
homogeneity of variances were assessed using Sha-
piro-Wilk and Levene’s tests, respectively. Out-
liers were identified using Tukey’s method, with
values exceeding 1.5 times the interquartile range
excluded from analysis. For physiological param-
eters, one-way ANOVA was applied in R to assess
the effect of treatment (Control, Left Jet, Right Jet),
followed by Tukey’s Honest Significant Difference
(HSD) test for post hoc comparisons. For behav-
ioral data, individual Swimming Path Index (SPI)
and Depth Index (DI) values were calculated for
each trial using weighted position scores (1 =Left,
2=Middle, 3 =Right). Since each trial involved a
different group of smolts, repeated-measures analy-
sis was not appropriate. Instead, treatment effects
on SPI and DI were tested using a univariate Gen-
eral Linear Model (ANOVA) in SPSS. In all analy-
ses, p values <0.05 were considered statistically
significant. Data are presented as mean =+ standard
error of the mean (SEM), unless otherwise stated.
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Results
Jet flow

ADV measurements indicated that the wall-
mounted jet produced a narrow, surface-intensified
plume that dissipated within approximately 2 to
3 m downstream. Near the jet outlet (~0 m down-
stream), the flow formed a defined, surface-oriented
streak adjacent to the wall (0—0.5 m across) with
pronounced vertical shear within the upper 0.6 m
of the water column. Surface velocities in this zone
exceeded the background flow, reaching a maximum
of ~0.69 m s”!, while conditions below 1 m depth
were already near ambient. One meter downstream,
the plume persisted as a localized velocity band
with a mid-depth maximum of ~0.65 m s7!, whereas
velocities near the opposite wall (3.5-4 m across)
and along the bottom closely matched the back-
ground current of 0.5 m s”l. At 2 m downstream,
lateral velocity profiles had largely flattened, with
velocities across all depths converging toward ambi-
ent levels. Overall, the jet’s influence remained con-
fined to the near-surface layer and the wall-adjacent
region, extending roughly 1.5 m laterally and dis-
sipating completely within 3 m downstream, leav-
ing deeper layers and the opposite side of the flume
largely unaffected.

Glutathioneperoxidase (GPx) Activity

0.0020 1 —
z *
o I |
% 0.00151
S
Q.
()}
£ 0.0010
J =
a
& 0.00051
0.0000

Control Left Right

Fig. 2 GPx and CAT levels in fish erythrocytes exposed to the
three treatments, normalized by the sample’s protein content.
Bars represent mean+SEM (n=6 fish per treatment). Sig-

Traditional stress marker

Contrary to expectations, traditional stress mark-
ers such as cortisol, hemoglobin, and lactate showed
no significant variations across different hydrody-
namic conditions (Online Resource 1). Mean cor-
tisol concentrations ranged between 70.9+40.6
and 80.9+44.9 ng mL™!, hemoglobin between 6.9
and 7.6+1.0 g dL7!, and lactate between 2.7 and
3.5+ 1.3 mmol L7\,

Oxidative stress

Statistical analyses revealed significant treatment
effects on antioxidant enzyme activities. GPx lev-
els were significantly higher in the Right Jet group
compared with the Left Jet group (ANOVA: F(2,
15)=5.788, p<0.05; Tukey’s test: p<0.05; Fig. 2).
Similarly, CAT activity differed significantly among
treatments (ANOVA: F(2, 15)=3.934, p<0.05),
with higher levels in the Right Jet group compared to
the Left Jet group (Tukey’s test: p<0.05; Fig. 2). In
contrast, no significant SOD (182 +50 to 197+44 U
mg™! protein) was observed across treatments (Online
Resource 1).

Further analysis revealed a significant effect
of treatment on malondialdehyde (MDA) Ilev-
els (ANOVA: F(2, 15)=9.695, p<0.01). Post

Catalase (CAT) Activity
4 *
*
= [ |
3 3
o
Q.
g 2
= :
= T
< 11
(3]
I
0.
Control Left Right

nificant differences between groups are indicated by asterisk
(p <0.05 for *; one-way ANOVA with Tukey’s post hoc test)
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hoc testing indicated that MDA levels were sig-
nificantly higher in the Right Jet group com-
pared to both the Control (p<0.01) and Left Jet
(»<0.05) groups, indicating increased lipid per-
oxidation under this hydrodynamic condition
(Fig. 3). In contrast, no significant differences were
found in AOPP between treatments (0.35+0.15

Malondialdehyde (MDA) Level

kK
— 20 1 [ N ]
'§ 1
<]
g 151
(o]
£
© 101
£
E
< ]
o 3 +
= |
L |
0.
Control Left Right

Fig. 3 Erythrocyte Malondialdehyde (MDA) levels in smolts
across treatments. MDA concentrations were normalized to
total protein content. Bars represent mean+SEM (n=6 per
group). Asterisks indicate significant differences between
groups (p<0.05 for *, p<0.001 for ***; one-way ANOVA
with Tukey’s post hoc test)

to 0.39+0.11 nmol mL™' mg™' protein; Online
Resource 1).

Behavioral analysis

Analysis of lateral swimming distribution revealed
no significant treatment effect. However, smolts
exhibited a consistent preference for the left side of
the flume across all treatments. The Side Prefer-
ence Index (SPI) averaged 1.56+0.07, with no trial
exceeding an SPI of 2.0, indicating a stable left-side
bias independent of jet direction (Fig. 4).

Vertical swimming distribution also did not dif-
fer significantly between treatments. Across all treat-
ments, smolts predominantly occupied the bottom
third of the water column (n=560 observations),
compared to the mid-water layer (n=285) and the
surface layer (n=31) (Fig. 5).

Discussion

This study provides novel evidence that jet-induced
flow can elicit sublethal physiological responses
in Atlantic salmon smolts without producing overt
behavioral changes. While traditional stress markers
such as cortisol, hemoglobin, and lactate remained
unchanged across treatments (Tab. S1), erythro-
cyte-based oxidative stress indicators revealed

Downstream Swimming Direction

25 1
[7}]
S Swim Left Swim Middle Swim Right
:g 20 1 I
E Treatment
15 1
§ E Control
S 10- | B3 Left
g g ‘ ! B2 Right
g
=}
= ﬁ
o .

Fig. 4 Lateral distribution of downstream-swimming smolts
across treatments. Bars represent the total number of behavio-
ral observations recorded in each lateral position (Left, Mid-
dle, Right) across all trials for the Control, Left Jet, and Right
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Jet treatments. Each treatment involved 6 trials with 20 fish
per trial (=120 fish per treatment), and multiple behavioral
observations per fish were pooled. No significant differences
were detected between treatments (one-way ANOVA, p>0.05)
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Downstream Swimming Depth
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Fig. 5 Vertical distribution of downstream-swimming smolts
under different treatments. Bars represent the total number of
behavioral observations recorded in each depth category (Sur-
face, Mid-water, Bottom) across all trials for the Control, Left
Jet, and Right Jet treatments. Each treatment involved 6 trials

apparent, treatment-specific effects that offer a mech-
anistic view of how fish interact with local hydraulic
conditions.

Contrary to expectations, cortisol, a primary stress
hormone in fish, showed no significant differences
between treatments (Balasch & Tort, 2019; Sadoul
& Geffroy, 2019). Similarly, hemoglobin and lactate,
indicators of oxygen transport and anaerobic metabo-
lism, respectively, remained stable across treatments
(Rummer & Brauner, 2015; Pettinau et al., 2022).
These results may indicate that the jet treatments were
not perceived as strong or acute stressors (Roza e
Silva et al., 2020). However, given that cortisol levels
across all treatments were relatively low (70.9 +40.6
to 80.9+44.9 ng/mL) in smolts, it is unlikely that
procedural stress associated with fish transfer and
sampling masked treatment-specific effects. Instead,
these values support the interpretation that the jet
treatments were not perceived as strong acute stress-
ors (Cornell et al., 1994; Culbert et al., 2022).

Importantly, the purpose of this study was not to
induce stress but to understand how localized hydrau-
lic cues influence the physiology of fish under con-
ditions relevant to downstream passage. Behavioral
guidance systems are designed to redirect fish away
from turbines and toward bypasses, while minimizing
fear or aversive reactions. From a welfare perspective,
an effective design must refine hydrodynamic cues so

with 20 fish per trial (n=120 fish per treatment), and multi-
ple behavioral observations per fish were pooled. No signifi-
cant differences were detected between treatments (one-way
ANOVA, p>0.05)

that they are perceptible but not harmful. The absence
of a cortisol response in our experiment, therefore,
supports the view that jet-induced flow can serve as
a non-invasive guidance stimulus, altering fish orien-
tation without imposing acute stress. Such outcomes
align with the ethical and regulatory principles of
refinement and animal welfare embedded in modern
fish passage research (Directive 2010/63/EU, Euro-
pean Parliament and Council, 2010). These observed
baseline values are consistent with ranges reported
for unstressed Atlantic salmon smolts (Bertotto
et al., 2010; Bortoletti et al., 2022), which reinforces
that our treatments remained within a non-stressful
physiological window, with occasional outliers likely
reflecting natural inter-individual variation.
Significant differences in the activities of the anti-
oxidant enzymes GPx and CAT were observed, with
both enzymes upregulated in the Right Jet treatment.
GPx showed the strongest response, consistent with
enhanced ROS detoxification in the cytosol and mito-
chondria of erythrocytes, where metabolic ROS pro-
duction predominantly occurs. CAT, in contrast, is
localized to peroxisomes and becomes more effective
at higher H,O, concentrations (Baker et al., 2023),
suggesting that the oxidative challenge remained
within a range primarily managed by GPx. Since
SOD levels remained stable across treatments, the
primary generated ROS was likely H,0, generated

@ Springer



2296

Hydrobiologia (2026) 853:2287-2300

by dielectronic reduction rather than superoxide radi-
cals (O,7) (Case, 2017). This pattern aligns with the
unique physiology of fish erythrocytes, which retain
functional mitochondria, implying that hydrodynamic
stress may have increased mitochondrial metabolic
activity, thereby elevating H,O, formation and trig-
gering GPx-mediated detoxification as an early pro-
tective response.

The significant increase in lipid peroxidation,
reflected by elevated MDA levels in the Right Jet
treatment, reinforces this interpretation. ROS-driven
lipid damage in erythrocyte membranes likely repre-
sents an early target of oxidative stress, as membrane
phospholipids are particularly vulnerable to peroxida-
tion. Such damage can alter bilayer fluidity, impair
membrane protein function, and destabilize the
cytoskeleton (Farag & Alagawany, 2018). Interest-
ingly, protein oxidation (AOPP) remained unchanged,
indicating that the oxidative challenge was moder-
ate and primarily confined to the lipid compartment,
rather than causing extensive protein damage. This
selective effect is consistent with a scenario of suble-
thal, metabolically driven ROS production rather than
acute oxidative injury. Previous studies have shown
that similar oxidative processes can accelerate eryth-
rocyte aging and induce morphological changes such
as elongation (Shahjahan et al., 2018; Rizzotti et al.,
2022), which, under prolonged stress exposure, could
further compromise oxygen delivery capacity.

The Right Jet likely generated zones of higher
turbulence or acceleration along the fish’s preferred
swimming path, increasing hydrodynamic resistance
and, consequently, metabolic demand. ADV meas-
urements confirmed local velocity peaks of ~0.69 m
s”! near the right-hand wall and a rapid attenuation
within 2—3 m downstream. Such confined accel-
eration zones could elevate hydrodynamic loading
without creating large-scale turbulence, explaining
the sublethal but measurable oxidative response. The
elevated energetic cost is consistent with the observed
upregulation of GPx and CAT and the concomitant
rise in MDA levels, suggesting that increased ROS
production was primarily linked to mitochondrial
metabolism in erythrocytes. In contrast, the Left Jet
produced lower oxidative responses, possibly reflect-
ing reduced turbulence and a lower physiological
cost of navigation. These findings indicate that the
physiological burden of jet-induced flow is direc-
tion-dependent and that oxidative stress markers can
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reveal subtle, flow-related metabolic strains that tradi-
tional stress indicators such as cortisol fail to capture
(Conrad et al., 2018).

Behavioral analysis provided complementary
insights. While no significant treatment effects on
lateral swimming distribution were detected, smolts
consistently displayed a left-side preference across
treatments, with the highest number of observa-
tions on the left side of the flume and the lowest
on the right, which was also supported by the SPI
value. Although behavior alone did not differentiate
between treatments, its alignment with the physi-
ological asymmetry observed in the Right Jet condi-
tion suggests that hydrodynamic features may shape
both subtle physiological costs and lateral positioning
tendencies.

This behavioral bias may reflect flow asymmetries
in the flume, potentially reinforced by learned path-
of-least-resistance behaviors (Funk et al.,, 2024).
Although we did not quantify the velocity field or
turbulence intensity within the flume, visual cues and
the structural layout suggest that asymmetries in the
wider outer curve may have influenced swimming
trajectories. The jets were tested on separate sides
of the flume to prevent overlapping flow fields and
confounding effects, reflecting conditions relevant
to guidance flow rather than the complex hydraulics
inside a bypass. In practical applications, such cues
are typically unidirectional, steering fish toward a sin-
gle safe passage route.

Consistent with this, smolts most frequently used
the leftmost of the four connecting channels (Chan-
nel 4) for entry and exit between the start box and
test arena (Online Resource 2). Channel 4, which fol-
lowed the outer curve of the flume, appeared more
open and likely offered lower flow resistance than the
inner channels, potentially reinforcing the observed
left-side preference.

While there was no statistically significant differ-
ence in swimming depth between treatments, smolts
predominantly occupied the lower third of the water
column. This behavior likely reflects an energy-sav-
ing strategy, allowing fish to avoid areas of elevated
turbulence or surface disturbance (Liao et al., 2003;
Riley, 2007). However, the concurrent elevation of
oxidative stress markers in the Right Jet treatment
suggests that even in the absence of clear behavio-
ral shifts, fish experienced a measurable physiologi-
cal cost when exposed to this specific hydrodynamic
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condition. This implies that smolts may mitigate,
rather than fully avoid, unfavorable flow conditions
by adopting subtle behavioral strategies that reduce
but do not eliminate hydrodynamic stress.

The lack of a clear behavioral response to jet direc-
tion may be attributed to limited behavioral plastic-
ity in hatchery-reared smolts. Hatchery environments
typically lack hydrodynamic variability and natural
cues, resulting in reduced responsiveness to envi-
ronmental stimuli (Brown & Laland, 2001; Jons-
son & Jonsson, 2011). Moreover, smolts have lower
burst-swimming capacity compared to adult kelts
(Peake et al., 1997), and may thus perceive turbulent
jet flows more as obstacles than guidance cues (Liao
et al., 2003). This aligns with evidence that fish avoid
turbulent zones unless directional cues are interpret-
able (Kemp et al., 2005). Despite these limitations,
hatchery-reared smolts remain highly relevant for
downstream guidance research. Across Europe, sup-
portive restocking and reintroduction programs are
essential to compensate for the decline of wild salmo-
nid populations caused by habitat fragmentation, cli-
mate stress, and hydropower barriers (Belletti et al.,
2020). Developing guidance systems that are effective
for hatchery-reared fish is therefore critical to improv-
ing post-release survival and ensuring the long-term
success of conservation and rewilding efforts.

The co-occurrence of elevated oxidative stress
markers in the Right Jet group and the consistent
avoidance of the right flume side, despite the absence
of statistically significant behavioral differences, sug-
gests that physiological responses may reveal sub-
lethal stress even in the absence of overt behavioral
changes.

Conclusion

Our study supports the use of non-lethal blood sam-
pling, leveraging metabolically competent eryth-
rocytes, as a sensitive tool for detecting sublethal
oxidative stress in fish exposed to hydrodynamic chal-
lenges. This approach complements traditional endo-
crine assays and allows the integration of oxidative
and behavioral indicators from the same individu-
als, thereby providing a refined, minimally invasive
framework for assessing fish welfare in applied con-
texts (Ruas et al., 2008; Seibel et al., 2021; Pollard
et al., 2022).

By integrating physiological markers with behav-
ioral observations, we show that oxidative stress indi-
cators can uncover subtle, direction-dependent meta-
bolic costs associated with jet-induced flow effects
that traditional stress markers such as cortisol may
fail to capture. Given that baseline cortisol levels in
our study were relatively low, this supports the inter-
pretation that the observed oxidative responses reflect
genuine, flow-induced metabolic strain rather than
handling artifacts.

These findings highlight the importance of com-
bining physiological and behavioral data when
evaluating fish guidance systems. Effective passage
designs should align hydraulic cues with the ener-
getic and sensory capacities of the fish. For hatchery-
reared smolts, this means reducing turbulent barri-
ers and creating low-cost, interpretable flow patterns
that minimize physiological strain while improving
guidance efficiency. This is especially important in
large-scale rewilding and restocking programs, which
depend on high post-release survival to achieve con-
servation outcomes.

Supporting Information

Supplementary material is available online. Online
Resource 1 provides cortisol, hemoglobin, lactate,
and AOPP levels across the three treatments. Online
Resource 2 shows channel usage patterns of Atlantic
salmon smolts during entry and re-entry into the test
arena.
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