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Abstract

Fish passage through turbines is one of the main environmental impacts of hydropower.
Turbine type is a key factor influencing fish survival, and widespread Kaplan turbines are
generally considered less dangerous than other turbine types. Nevertheless, while large
Kaplan turbines have been extensively studied, there is limited empirical evidence about
the biological impact of small, high-speed Kaplan turbines on fish survival. In this study,
we conducted controlled in situ fish experiments at a small and low-head hydropower plant
(1 MW; head 8 m) using balloon tags and pressure sensors to quantify real mortality in two
horizontal Kaplan turbines operating at full capacity: one small turbine (1.2 m &, 500 rpm,
and 5 m3/s) and one larger unit (1.55 m &, 300 rpm, and 8 m?3/s). Fish (95-190 mm) were
released into the intake flow and monitored post-passage. Results showed higher mortality
in the small turbine, with ~80% in 24 h, many exhibiting severe mechanical injuries such
as complete sectioning of the head or spinal cord, with significantly higher mortality
in larger fish. In contrast, the larger turbine showed a ~60% mortality rate and fewer
traumatic injuries. Our findings highlight the underestimated impact of small, high-rpm
Kaplan turbines on fish survival and underscore the need for adaptive turbine operation or
structural modifications to minimize ecological damage during critical migration periods.

Keywords: Kaplan turbine; fish mortality; balloon tag; downstream migration; smolts;
salmonids; hydropower impact

1. Introduction

Free and safe downstream movements are necessary for fish conservation [1,2]. Down-
stream migration is a vital process for diadromous fish species, and it is also a key factor
for fitness in potamodromous species that only move within freshwater systems [3]. For
diadromous fishes, the on-time descent to estuarine or marine habitats marks a key life
stage, often tied to reproduction or maturation, while potamodromous species require
longitudinal connectivity, whether by seasonal habitat use or gene flow. Despite its eco-
logical relevance, downstream migration has historically received less attention in impact
assessments compared to upstream movements. This bias persists in regulatory frame-
works and mitigation efforts, which often prioritize fishways for upstream movements [4,5].
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Consequently, the hazards associated with diversion channel entrainment, turbine passage,
and lack of effective downstream routes and solutions remain underestimated.

Although upstream fishways can occasionally be used for downward passage [1,5],
fish moving downstream who encounter a dam face two main pathways: falling over the
spillway or being drawn into diversion devices (canals, pipes, and/or turbines). Dams
and weirs are rarely equipped with specific devices for bypassing downstream obstacles,
such as protective screens (physical, mechanical, and/or behavioral) that avoid the en-
try into facilities (diversion canals or turbines) or guiding structures to safety bypasses
(e.g., sluices) [6]. Spillway routes can be relatively safe when the drop is moderate and
tailwater depth is sufficient to avoid traumatic impact [7]. However, when the diversion
takes the most discharge and there are no protective screens, many fish may not detect the
spillway, and they are funneled into intake structures. This can lead to entering irrigation,
water supply, or hydropower canals/pipes, causing migratory delays and substantially
increasing the risk of mechanical and physiological injuries [8-10].

In the case of hydroelectric power plants (HPPs), passage through turbines usually
becomes the only or most likely alternative for fish moving downstream. It exposes individ-
uals to several stressors: sudden pressure changes (rapid decompression, even cavitation),
fluid shear and turbulence, caused by high turbulent flow, and mechanical strike, mainly
from mobile turbine runner blades or stay vanes, wicket gates, and screens [11] (Figure 1).
Rapid decompression can exceed physiological tolerances, leading to barotrauma, espe-
cially in physoclistous species (fish with swim bladders not connected to the digestive tract,
meaning that swim bladder gases are slowly dissolved into the blood) [11,12]. Shear forces
disrupt fish equilibrium and cause internal damage [13-15], and direct blade strike remains
one of the most severe causes of mortality, particularly at high rotational speeds [15]. These
stressors may act independently or synergistically, increasing the cumulative mortality risk.
Average worldwide fish mortality from hydroelectric turbine passage was estimated at
22.3% [16]. However, fish mortality rates vary widely depending on the turbine (type, di-
ameter, runner speed, shape, and number of blades), operating conditions (flow and head),
and fish characteristics (size and species-specific traits). Studies show that large-bodied
fish and physoclistous species are particularly susceptible to turbine-induced injuries [4,7],
while larger and lower-head operating Kaplan turbines are known to be less dangerous
than common Francis turbines [17].

Kaplan turbines represent one of the most widely implemented turbine types in hy-
dropower plants worldwide since the early 20th century [18]. These propeller-type turbines
feature both adjustable runner blades and wicket gates (Figure 1), making them double-
regulated machines that operate at a constant rotational speed. This design enables high
efficiency, particularly in low-head hydropower applications (2-20 m) and lower discharge
(1-100 m3/s) [19]. Kaplan turbines can be installed in various configurations, including
both vertical and horizontal orientations, depending on site-specific requirements. For
lower head drop (2-10 m) and lower discharge (1-10 m3/s), these turbines are configured
with small diameters (<2 m) to work at high rotational speeds (more than 300 rpm) to reach
optimal energy production (0.1-2 MW) [20,21]. Small and high-speed Kaplan turbines are
also used as a complement to larger turbine installations to work with base/ecological
flows or in low-river-discharge conditions. Thus, their combined use is common in the
lower reach of rivers and/or streams with high seasonal flow variations. For instance, in
the case of small HPPs (<10 MW) in Spain, Kaplan turbines are estimated at 37-42% of the
total turbines, and of these, high-speed turbines account for around 30-40% [22,23].
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Figure 1. Schematic of a Kaplan turbine illustrating potential fish injury zones. Adapted from [24],
originally based on [11].

To assess fish passage mortality through turbines, various predictive tools have been
developed. Examples include deterministic blade strike models [25-27], which only esti-
mate fish collision and its derived mortality; empirical models, such as those by [28], which
rely on direct observed injury patterns related to turbine, flow, and fish features; and more
complex numerical models such as BioPA (Biological Performance Assessment Tool), which
uses computational fluid dynamics (CFD) models to estimate the likelihood that a fish will
be exposed to a stressor at a specific magnitude and applies the biological response models
to estimate the probability of injury or mortality [15]. However, previous models were
mainly tested and calibrated using data from large Kaplan or Francis turbines and may not
adequately reflect the hydraulic conditions of small, high-rpm units.

Kaplan turbines have generally been associated with moderate mortality rates when
operated at low rotational speeds (under 300 rpm) [29], but injury rates can rise sharply
under higher velocities or smaller diameters [7]. Nevertheless, despite the widespread use
of small and high-rpm Kaplan turbines, no studies have directly verified their biological
impact [4,7,30]. Consequently, many operators and environmental authorities assume a low
ecological risk for smaller Kaplan turbines based on models calibrated for slower, larger
turbines. This may lead to underestimation of injury and mortality rates, neglecting key
differences in design and hydraulics.

Therefore, this study hypothesizes that fish mortality in small and high-rpm Kaplan
turbines is underestimated. Thus, we aim to empirically test the mortality range caused
by such Kaplan turbines on fish during downstream migration as a first approximation of
their potential damage. The findings will help refine environmental risk assessments and
promote more accurate ecological evaluations of small hydropower installations.

2. Materials and Methods
2.1. Ethical Statement

All fish experiments were performed following European Union ethical guidelines
(Directive 2010/63/UE) and Spanish Act RD 53/2013 and RD 118/2021, with the approval
of the competent Spanish authorities (Regional Government of Navarra and University
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of Valladolid: Code 12107335). All field work was carried out with the permission of the
regional fisheries service and water management authorities. Experiments and procedures
were adopted to minimize fish stress and avoid unnecessary damage. Animal welfare
principles of replacement, reduction, and refinement [31] were strictly applied in the
experimental design.

2.2. Study Site

Experiments were carried out at the most downstream HPP of the Bidasoa River,
located at the village of Lesaka (Navarre, Spain). This infrastructure has a run-of-the-
river configuration, with a net head of 8 m (ranging from 7.8 to 8.2 m depending on river
discharge) and an installed capacity of 1 MW. It includes two different sizes of horizontal
Kaplan turbines: a smaller unit (T1) of 1.20 m diameter to operate under low-flow conditions
(4 blades, 500 rpm, 5 m?/s, and 0.34 MW) and a larger unit (T2) of 1.55 m diameter (4 blades,
300 rpm, 8 m3/s, and 0.66 MW), which serves as the main working unit. Flow stems from a
2 m tall dam and a diversion canal of 560 m. There is a fishway for upstream migration
but no downstream migration facility to avoid fish entering the intake canal. The mean
annual discharge in the river reach is 24.3 m?/s and the mean annual water temperature
is 13.2 °C [32]. According to physical and chemical analysis, water quality is “very good”
based on Spanish Act RD 817/2015.

The HPP is 12 km upstream of the sea and its dam is the first barrier for ascending fish.
Atlantic salmon (Salmo salar Linnaeus, 1758) is the most emblematic species in the Bidasoa
basin. There, salmon is in the southern limit of its natural distribution range [33,34], with
a population nearing extinction, threatened mainly by HPPs and global warming [35]. It
is estimated that more than 27% of salmon smolts pass through the turbines of this HPP
during their downstream migration to the sea [36]. This proportion could be higher in
climate scenarios characterized by an increasing frequency of low-flow conditions.

Fish assemblages in this area also include other diadromous species, such as sea
brown trout (Salmo trutta Linnaeus, 1758), European eel (Anguilla Anguilla Linnaeus, 1758),
sea lamprey (Petromyzon marinus Linnaeus, 1758), and Allis shad (Alosa alosa Linnaeus,
1758), and potamodromous species such as riverine brown trout (Salmo trutta), Ebro nase
(Parachondrostoma miegii Steindachner, 1866), Pyrenean gudgeon (Gobio lozanoi Doadrio
& Madeira, 2004), Pyrenean minnow (Phoxinus bigerri Kottelat, 2007), and stone loach
(Barbatula barbatula Linnaeus, 1758) [37].

2.3. Experimental Design

The experiment consisted of passing a group of Atlantic salmon smolts (n ~ 20)
through each of the two turbines, operating at 100% of their nominal discharge. As the
objective was to estimate a prior mortality range, releasing a sufficient number of tagged
smolts per trial (n; = 20) and expecting at least a 50% recapture rate [38] (1, ~ 10) allowed a
statistically reliable prior estimate of the turbine-passage mortality range, while complying
with reduction and refinement principles by minimizing the total number of fish required
for robust inference [39,40].

Because the turbines operate at a constant rotational speed, the most favorable scenario
for fish passage occurs when running at 100% capacity. At full discharge, the wicket gates
and the gaps between runner blades are maximally open, reducing the probability of
blade strike, whereas rapid decompression and shear-related stressors remain relatively
stable [25]. For animal welfare reasons, if mortality exceeded 50% under this most favorable
condition, the experiment would be discontinued and no more groups/trials operating
with a lower discharge and more harmful conditions would be established.
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Experiments were carried out in April 2025. All tested smolts came from the Mugaire
fish farm (fork length: 95-190 mm, a representative distribution of salmon smolt cohorts in
the Bidasoa basin [36]) (Table 1), avoiding the use of wild stocks. Fish were acclimated for
2 h to local river conditions and subsequently anesthetized (50 mg/L of eugenol diluted
in ethyl alcohol), sized (fork length £ 1 mm), and tagged. Immediately thereafter, they
were released into the intake turbine flow chamber, recovered after turbine passage by a
kayak and hand net, and finally monitored 24 h post-passage in a perforated box placed
inside the river. Potential site-specific handling stress related to local water conditions
(e.g., temperature, turbidity, and conductivity) was minimized by conducting all trials
within a narrow temporal window under stable hydrological conditions and by using
standard sedation, tagging, and recovery procedures

Table 1. Fish sample (Salmo salar smolts). SD: Standard Deviation.

Fork Length (mm) *

Turbine N Mean + SD Range
T1 (@: 1.20 m) 20 153 + 14 95-190
T2 (@: 1.50 m) 20 161 +7 130-190

Note: * No statistically significant differences were found between groups (data normally distributed; mean
comparison test, p = 0.253).

Balloon tags were used as the method for recapturing fish after their passage through
the turbines, as this technique is considered one of the least harmful options (e.g., compared
with net capture) [41]. Two balloons were attached to the fish by anchoring small hooks
at the mouth, one in the upper jaw and the other in the lower jaw (Figure 2). Inside each
balloon, two reaction capsules were inserted containing 1 g of oxalic acid dihydrate and
sodium bicarbonate in a 1.4:2 ratio. These capsules were activated at the moment of release
by injecting 5 mL of water at approximately 40 °C. The balloons were sealed with a custom-
made plug (liquid silicone used for mold casting), through which the activation water was

injected. The connection between the balloon and the plug was secured with an O-ring,
and the connection between the balloon and the hook was made using braided fishing
line [42,43].

Figure 2. Tagging and injection with balloon tags. (Left) equipment overview. (Center) Injection pipe
with pressure tag ready for release. (Right) Salmon smolt tagged with two balloon tags.

Fish were introduced into the turbines through an opening located immediately
downstream of the gates of the intake chamber. A PVC pipe, fixed to the gate structure,
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extended to the suction zone of the turbines (Figure 2). Using a homemade manual plunger,
each fish was gently pushed until it was drawn into the water column. Observers were
stationed both in the intake chamber—to verify whether fish floated away without being
suctioned—and at the turbine outflow, to provide guidance to the kayaker.

To complement the information collected while reducing the number of individu-
als used, one barotrauma detection probe per turbine was injected to obtain a detailed
pressure profile during passage through the facilities. This probe is based on the Sentinel
board architecture [44], (developed by Universidad de Valladolid, Palencia, Spain), pow-
ered by an ESP32 microcontroller (Espressif Systems, Shanghai, China). To capture the
rapid hydraulic transients characteristic of turbine passage, the unit features a TE Connec-
tivity MS5837-30BA pressure sensor (TE Connectivity Ltd., Schaffhausen, Switzerland),
configured to log high-resolution data at 50 Hz.

Beyond pressure monitoring, the device can be used to characterize physical trauma
(shear, strikes, and turbulence) using an Adafruit BNO055 9-DOF Absolute Orientation Sen-
sor (Adafruit, Brooklyn, NY, USA) [45], which integrates a triaxial accelerometer, gyroscope,
and magnetometer. Data is synchronized via an onboard RTC (Real-Time Clock) and sent to
a high-speed data storage unit. The electronics are powered by a lithium battery with a ded-
icated charge management system and status LED. For structural integrity, the 3D-printed
housing is fully encapsulated in 3M Scotchcast™ Resin 40 (3M Company, Maplewood,
MN, USA) a flexible polyurethane potting compound that ensures IP68 waterproofing and
exceptional shock absorption against mechanical impact.

2.4. Data Processing
2.4.1. Mortality

Mortality (M) was calculated using the following expression: (Equation (1) [38]. First,
the experimental mortality (M) was determined as the ratio between the number of
fish found dead within 24 h after passage through the turbines and the total number of
recovered fish. All fish that died, both immediately after passage and within 24 h, were
necropsied to determine the cause of death. Live fish were also carefully examined for
potential injuries. Those with a high likelihood of survival were returned to the river, while
individuals with poor survival prospects were euthanized using a high dose of MS-222.

ME_MC

M =
1_Mc

1)

Fish handling, tagging, transport, and recapture may significantly affect post-passage
mortality. For this reason, turbine-passage studies commonly include a control group
to distinguish handling-related mortality from mortality caused specifically by turbine
passage. In this context, the mortality in the control group (M,) is defined as the proportion
of tagged control fish released in the turbine outlet that died after 24 h, relative to the
total number of recovered fish. A live site-specific control group was not implemented
due to ethical constraints associated with handling a threatened species and the logisti-
cal infeasibility of reproducing comparable handling and hydraulic conditions without
turbine exposure. Instead, a targeted literature review was conducted to identify an ap-
propriate range of control-group mortality values consistent with the characteristics of our
experimental design.

Reported control mortality using balloon-tag studies ranges from <5% for alosines [40]
and Chinook salmon smolts [39] to <10% for pike and North American percids [41]
and up to 14.6-22.4% for rainbow trout smolts [38]. Based on this, control mortality
(M) values of 5% and 20% were selected to represent conservative and precautionary
scenarios, respectively.
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The confidence interval (CI 95%) was obtained through the standard error (SE), calcu-
lated using Equation (2) [38], where S, =1 — M,; Sc =1 — M,; N, is the number of deployed
fish in the experiment; and N, is a hypothetical control sample size (considered equal to
the number of deployed fish in the theoretical control N, = N, = 20).

N 1 M,-S, 2 M-S
SE(M) SC\/ N, +( ) N, @)

Accordingly, the resulting CI should be interpreted as a sensitivity interval condi-
tional on the assumed control mortality, rather than as an inference based on an observed
control group.

2.4.2. Pressure Profile

In addition to being represented as the temporal variation in pressure values, the
information recorded by the pressure tags is intended to provide a predictor of potential
turbine-induced barotrauma. For this purpose, the Ratio of Pressure Change (RPC) [12,15]
was applied. This ratio is calculated as the fish’s acclimation pressure before turbine entry
divided by the nadir pressure, defined as the minimum absolute pressure experienced by
the fish during turbine passage. Lower nadir pressures combined with higher acclimation
pressures increase the risk of barotrauma [46], and RPC values equal to or below 2.5 (i.e., a
nadir pressure at least 40% of the acclimation pressure) have been suggested to be “fish-
friendly” [47].

2.5. Data Analysis

To compare fish fork length between groups (T1 and T2), a two-sample Student’s {-test
was applied after verifying that sample size and distributional assumptions supported the
use of a parametric test. The normality of the sample was evaluated based on skewness
and kurtosis (2 considered as acceptable).

Differences in mortality proportions between turbines, both immediately and 24 h after
turbine passage, were evaluated using Fisher’s exact test. To evaluate whether fish length
influenced mortality outcomes, the Mann-Whitney U test was used to compare median
fork lengths between surviving and dead individuals, as sample sizes were small and
normality could not be assumed within outcome groups. In addition, differences in mean
mortality between turbines were assessed using Welch'’s t-test, which does not assume
equal variances and is therefore appropriate for groups with heterogeneous variance or
sample size. Significance was evaluated at o = 0.05.

During the preparation of this manuscript, the authors used Gemini 3 Pro (Google
LLC, Mountain View, CA, USA) and ChatGPT 5.2 (OpenAl, San Francisco, CA, USA) to
assist with language editing, figure formatting, and the rephrasing of text. All scientific
content, data analysis, and interpretation were performed by the authors.

3. Results
3.1. Mortality
(a) Experimental mortality (M)

Following turbine passage, 11/20 fish from T1 and 9/20 from T2 were recovered
downstream. The experimental mortality 24 h after turbine passage was approximately
82% for T1 and 67% for T2. In the case of T1, slightly more than half of the fish died

immediately after passing through the turbines, whereas for T2 the majority died within
the following 24 h. Overall, decapitation was the most frequently observed injury, although
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other types of damage were also detected, including internal trauma (stomach and spinal
column) and embolism in the ocular system (Table 2).

Table 2. Estimated mortality (M,), with details of the smolts recovered after passing through the
turbines, including details of their condition at the time and after 24 h, as well as the cause of death

and the type of injury.
Turbine Fork Length (mm) Tur{rlilflil?’i;t:srage 1;£t§r Cause of Death Injury Type Tlll\;ll‘; iIrl\leStI’I:sfst;;e M, After24 h

150 Dead Turbine passage Decapitation
158 Dead Turbine passage Decapitation
178 Dead Turbine passage Decapitation
164 Dead Turbine passage Decapitation
170 Dead Turbine passage Decapitation 45.5% *

T1 190 Alive Dead Turbine passage Stomach rupture (5‘/1;) 81.8% *(9/11)
115 Alive Dead Turbine passage Eye embolism
180 Alive Dead Undetermined
185 Alive Dead Undetermined
95 Alive Alive
105 Alive Alive
175 Dead Turbine passage Decapitation
155 Alive Dead Turbine passage Eye embolism
178 Alive Dead Turbine passage Stomach rupture
160 Alive Dead Turbine passage Spinal cord brake 11.1% *

T2 190 Alive Dead Undetermined (1' /90) 66.7% * (6/9)
170 Alive Dead Undetermined
150 Alive Alive
182 Alive Alive
176 Alive Alive

Note: * No statistically significant differences were found between turbines either immediately or 24 h after
turbine passage (Fisher’s exact test; p > 0.150).

Based on these results, and in accordance with animal welfare and ethical principles,
it was decided not to conduct additional experimental replicates.

Fish length influenced mortality outcomes following turbine passage. As shown in
Figure 3, for turbine T1, individuals classified as dead were significantly larger than those
that survived, with survival restricted to smaller fish (<110 mm fork length).

1951 R
T :
175+ T1 2 .
+ T2 2
£ 155| s ]
5 1
o
-
5 135- |
L
115} o i
a
T|1
95 .

Death Alive

Figure 3. Box plot and length comparison based on whether fish were dead or alive after 24 h of
passing through the turbines (T1: small turbine—blue plot; T2: large turbine—grey plot). Different
letters above the box plots indicate statistically significant differences between groups based on
pairwise comparisons (Mann-Whitney U test, p = 0.045). “+” symbol represents mean value.
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(b) Mortality (M)

According to the results for experimental mortality (M.) and the selected reference
values for control mortality (M), 95% confidence intervals for final mortality (M) were
estimated (Table 3). Final mortality exceeded 50% in both turbines and, although differ-
ences were not statistically significant due to high variability and overlapping confidence
intervals, values were higher for turbine T1.

Table 3. Mortality (M), standard error (SE) and confidence interval (CI), based on the two selected
control mortality values (M.). Calculated according to Equations (1) and (2).

MORTALITY M, =5% M, =20%
(M + SE) M (%) SE CI (95%) M (%) SE IC (95%)
T1* 80.9 10.8 56.8-100 773 11.1 52.6-100
T2 * 64.9 99 42.1-87.7 58.3 10.8 33.4-83.2

Note: * No statistically significant differences were detected in final mortality between turbines (Welch's t-test: if
M =5%, t =1.092; p = 0.290. If M. = 20%, t = 1.228; p = 0.235).

3.2. Pressure Profile

Recovery of sensors released (two per turbine) with readable data proved to be highly
challenging, likely because the devices remained trapped or stationary within the draft
tube due to intense turbulence and buoyancy effects (Figure 3). As a result, usable pressure
records were obtained only for turbine T1.

Pressure records from turbine T1 (Figure 4) indicated an acclimation pressure of
100.5 kPa, corresponding to fish swimming near the water surface prior to turbine en-
try. The maximum recorded pressure reached 160.1 kPa, while the mean nadir pressure
(i.e., minimum pressure experienced) was 49.9 kPa. Notably, an extreme minimum nadir
pressure as low as 5.92 kPa was also recorded.

o

36D
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Przisure (kPaj
B

an]

+ MO

i 14D
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Rl

T

fra o] &1 0080 HBT00 % ALE00] 2100 MOS0 3 L0
Tures {ms
Figure 4. Pressure profile recorded during the passage path through the Kaplan turbine exhibiting
the lowest nadir pressure. Note that the time axis includes a break to exclude a static period during
which the sensor remained stationary in the draft tube, thereby highlighting pressure changes during
turbine passage.

Based on the mean pressure data, the resulting ratio of pressure change (RPC) was
approximately 2.04 (100.5/49.9). However, fish passing close to the blade tips may ex-
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perience substantially lower nadir pressures, such as 5.92 kPa, resulting in an RPC of
approximately 17.

4. Discussion

Small Kaplan turbines with high rotational speeds are widely deployed in river sys-
tems experiencing seasonal flow variation and commonly serve as support for larger
generation units. These turbines are typically installed in low-head, mainstem reaches,
where their productivity is greatest. In regions such as Spain, small and high-speed Ka-
plan units comprise an estimated ~15% of all installed turbines [22,23], highlighting their
widespread application in medium and large river networks. Despite their growing preva-
lence, environmental assessments for these systems frequently rely on data and risk models
derived from larger, slower-turning turbines, often presuming a limited biological impact
on fish downstream passage based on extrapolation rather than site-specific evidence.

This work assesses fish passage survival through two of those turbines. All studied
fish were Atlantic salmon smolts within a size range representative of the downstream-
migrating cohort in the river. The species and limited number of individuals tested reflect
ethical constraints inherent to experimental work on threatened migratory fishes. Thus,
the limited sample size resulted in relatively wide confidence intervals and prevented
the detection of statistically significant differences in mortality between the two turbines.
Nevertheless, survival appeared to be restricted to fish smaller than 110 mm (lower than
10% in a smolt cohort population [36]) in turbine T1, whereas larger individuals were able
to survive passage only through turbine T2. Given the substantial physical differences
between the two turbines, clearer contrasts in mortality would have been expected, with
higher mortality rates anticipated in T1 compared to T2 [15,48]. Consequently, our results
provide empirical evidence that small, high-rotational-speed Kaplan turbines pose a severe
threat to downstream-migrating Atlantic salmon smolts. Even so, our conclusions should
not be interpreted as universally applicable across species or life stages. The results could
only be cautiously extrapolated to similarly sized physostomous and fusiform fish. Instead,
the strength of this study lies in combining direct empirical evidence with a comparison
to the broad body of turbine-passage literature, allowing inference beyond the immediate
experimental sample.

Contrary to the general assumption that Kaplan turbines are relatively “fish-friendly”
compared to Francis turbines—an assumption mostly based on studies of large, slow-
rotating units [17,18]—we also observed high mortality rates among them. The small
turbine (T1, 500 rpm) resulted in a mean final mortality of nearly 80%, while the larger unit
(T2, 300 rpm) showed a mortality greater than 50%, with both under full-flow operating con-
ditions, the most favorable hydraulic scenario for fish survival [25]. These values far exceed
the global mean turbine-passage mortality (=22%; [16]) and the typical <10-15% expected
for smolts in larger Kaplan turbines in small HPPs [29,38] and large-scale HPP Kaplan
installations [4,39]. However, our findings align more closely with recent assessments of
small hydropower plants, which suggest that mortality can rise sharply in facilities with
narrower runners and higher rotational speeds [49], highlighting a major gap in current
environmental impact assumptions for small hydropower plants.

The predominance of severe mechanical injuries—complete sectioning of the head or
trunk—indicates that blade strike was the dominant mortality mechanism, mainly in the
higher speed T1. This is consistent with deterministic models predicting steep increases in
strike probability with decreasing runner diameter and increasing rotational speed [25-27],
particularly when blade count is high and gaps are narrow.

Beyond mechanical trauma, barotrauma also contributed to mortality. Our mean nadir
pressure recorded in turbine T1 (=49 kPa) was in accordance with reported values from
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Kaplan turbines with a similar head [50]. Although it produced an RPC of ~2.0—typically
interpreted as a “low risk” of mortality associated with rapid decompression in published
thresholds [12,47]—several fish exhibited injuries consistent with decompression (ocular
hemorrhage and intestinal rupture). Importantly, the minimum recorded nadir pressure
(5.92 kPa) is physically near water vapor pressure, implying extreme localized pressure
drops likely occurring near blade leading edges or tip vortices, where the lowest pressure
zones are predicted [50,51]. In such regions, the RPC can exceed 3.0, a level associated with
>20-40% barotrauma-related injury in salmonids [15,50], and may even reach values around
17.0, which have been associated with immediate barotrauma-induced mortality [15]. Our
finding that at least 4 out of 14 fish with a known cause of death showed barotrauma-
compatible lesions supports this interpretation. Nevertheless, barotrauma injuries could be
higher, because they are hindered by previous blade strikes and fish-sectioning mortality.
Nadir pressures in turbine T2 are expected to be higher than those observed in T1, owing
to its larger runner diameter and lower rotational speed, as previously reported by [48].

In the case of shear forces, they are known to occur within wicket-gate wakes, tip
vortices, and inter-blade acceleration zones; however, their biological effects could not be
determined in this study. Shear-related injuries are typically difficult to isolate from strike
and decompression trauma, and published thresholds are derived almost exclusively from
laboratory flumes rather than from Kaplan runners [15,25]. Direct quantification of shear
stress was not possible in our study due to the absence of in situ measurements or turbine-
specific CFD simulations. Nevertheless, studies of Kaplan turbines operating at similar
rotational speeds suggest localized peak shear rates on the order of 8 x 1033 x 10*s~1,
but the lack of turbine-specific hydraulic data precludes quantifying shear exposure expe-
rienced by individual fish [25,51]. Consequently, the relative importance of shear in our
turbines—both small, high-rpm units—remains uncertain and cannot be classified as either
minor or substantial based on available evidence.

Fish forced-entry experiments generally amplify mortality caused by overall han-
dling [52]. Moreover, strike and rapid decompression survival is influenced by volitional
behavior, as fish can use physical or physiological responses to avoid or reduce those
stressors. Thus, mortality may have been overestimated by handling stress inherent to
sedation, tagging, forced turbine passage, and recapture—factors known to contribute
5-20% mortality in balloon-tagged fish [38—40]. Although the absence of a site-specific
control group in our study introduces uncertainty regarding handling stress under local
conditions, we adopted conservative literature-based mortality estimates and conducted
trials under stable environmental conditions. Importantly, even when applying the upper
bound of this conservative mortality range (M. = 20%), this does not alter the conclusion:
both turbines, particularly the smaller unit T1, caused exceptionally high mortality far
beyond what could be explained by handling alone.

The hydropower plant studied lies only 12 km from the sea, in a river reach where
>27% of smolts from the whole river basin enter the diversion canal [36], with this propor-
tion likely to increase in dry years. Once inside the long (560 m) canal, fish have limited
ability to return, causing migration delay in the turbine’s intake area, which itself increases
predation risk and reduces seaward arrival success [8-10]. Importantly, the small turbine
(T1)—the most lethal—was also positioned in the main bulk-flow region of the intake cham-
ber, making it the most likely path for migrating smolts. Moreover, immediate predation
on surviving fish after turbine passage is expected to be significant due to injury-related
impairment, disorientation, and reduced swimming performance, all of which markedly
increase vulnerability to piscivorous fauna [6,18]. Because small Kaplan turbines often
operate during the peak smolt migration season, their ecological influence extends beyond
immediate mortality, potentially affecting entire cohorts.
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The mainstem of the Bidasoa River basin consists of six small HPPs (three equipped
with low-high-speed Kaplan turbines and the other three with Francis turbines) along a
41.6 km river reach. Hydraulic/mechanical guidance structures, behavioral barriers, and
alternative bypass routes once inside the canals were absent at all HPPs, further increasing
the turbine entrainment probability [6,36]. Therefore, the accumulative impact on salmon
populations already near extinction at the edge of their biogeographical range [33-35] can be
considered unacceptable from a conservation and management perspective. Furthermore,
our study was centered on salmon smolts, but if impacts on adult salmon and riverine
sea trout kelts (fish that return to sea after spawning), as well as on eels and lampreys,
are considered, the expected mortality may far exceed 50% [4,7]. All these findings are
unacceptable for anadromous fish conservation and underscore the broader ecological
implications of small HPPs for fish assemblages in this basin.

Taken together, our empirical evidence supports the conclusion that small, high-rpm
Kaplan turbines pose a disproportionately high risk to downstream fish migrants. Given
their widespread use in low-head rivers across Europe and elsewhere, this issue deserves
urgent attention. The implementation of effective downstream bypasses, physical or ex-
clusion screens, behavioral guidance systems, and operational adjustments (e.g., shutting
down small turbines during peak migrations) may significantly reduce mortality, as recom-
mended in international best-practice guidelines [4,50].

Ultimately, the current regulatory assumption that “Kaplan turbines are safe” cannot
be generalized across scales and rotational speeds. Our study shows that small, high-rpm
Kaplan turbines represent a distinct hydraulic environment requiring specific assessment,
monitoring, and mitigation. In this context, for future experiments, we have identified sev-
eral aspects that should be improved and/or emphasized. We found that, when recovering
balloon tags, using at least two individually identifiable balloons is essential in this type of
facility due to the high likelihood of impact. It would also be advisable to place them at
both the anterior and posterior ends of the fish to reliably distinguish fragments (the upper
jaw proved to be a more secure anchoring site than the lower jaw). The fish and sensor
injection system also warrants attention, as in cases where suction is not sufficiently strong,
it is necessary to position the inlet as close to the turbine as possible. We also consider
it crucial to perform replicated trials under different turbine operating regimes in order
to confirm that the greatest damage occurs when these systems operate at full capacity.
Finally, future studies should also incorporate the tracking of actively swimming fish, not
only passive (sedated) individuals, to obtain a clearer understanding of processes occurring
in the vicinity of these facilities [53].

5. Conclusions and Management Applications

This study shows that small, high-speed Kaplan turbines pose a far greater threat to
downstream-migrating salmon smolts than generally assumed. Mortality exceeded 80% in
the 1.20 m, 500 rpm turbine and approximately 60% in the 1.55 m, 300 rpm unit—values far
above typical mortality reported for larger Kaplan turbines. Both data remain ecologically
unacceptable and incompatible with the persistence of migrating smolts. Injuries were
dominated by severe mechanical trauma, confirming blade strike as the primary mecha-
nism, while internal lesions consistent with barotrauma were also observed, supported by
measured nadir pressures and expected localized pressure extremes in small runners.

These findings challenge the widespread regulatory assumption that Kaplan turbines
are relatively “fish-friendly,” showing instead that turbine diameter and rotational speed
are critical predictors of mortality. Small, high-rpm units constitute a distinct hydraulic
environment that is not well represented in existing empirical or mechanistic models, many
of which underestimate strike probability and fail to capture extreme nadir pressure.
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From a management perspective, the results emphasize the need to

(i) Re-evaluate impact assessments, explicitly incorporating turbine size and rpm;

(i) Implement guidance or exclusion systems in diversion canals to prevent turbine
entrainment;

(iii) Adopt operational measures, such as shutting down turbines during peak migration
periods;

(iv) Demand improved modeling or field measurements for licensing, particularly in
rivers supporting endangered salmon populations.

Given the high proportion of smolts entrained into the intake and the proximity of the
HPP to the sea, turbine-related mortality at the observed levels may significantly reduce
cohort survival. Mitigation actions focusing on reducing turbine passage are therefore
essential for effective conservation and recovery of salmon in this basin.
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