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Abstract

Understanding the upstream-attempt behavior of fish in high-flow environments is
important for refining behavioral simulations, optimizing fish-passage design, and
protecting aquatic ecosystems. This study investigates Schizothorax oconnori, an endemic
fish in the Yarlung Tsangpo River on the Qinghai-Tibet Plateau, using a multi-model
analytical framework integrating a generalized linear mixed-effects model, Random
Forest, SHapley Additive exPlanations, and GeoDetector. Results showed that remaining
endurance and nominal flow velocity were positively associated with fish upstream-
attempt initiation. Attempt termination reflected endurance depletion, initial endurance,
and hydraulic variability. Model-predicted termination probability increased markedly
when (i) cumulative endurance consumption during the current attempt exceeded ~11%
or (ii) fish began an attempt with an initial endurance status below ~95%. These model-
derived change points represent within-attempt endurance depletion and reduced
endurance available at attempt initiation, respectively. Across attempt sequences, the
dominant explanatory factors showed an apparent shift from physiological condition
during the first attempt to hydraulic variability during subsequent attempts. This
sequence-related pattern is consistent with behavioral adjustment based on repeated
experience in the flow environment, although cumulative fatigue, stress, individual
differences, and experimental procedures may also contribute. Hydraulic-variability
metrics along the trajectory showed greater explanatory importance than several
Academic Bditor: Robert L, Vadas, instantaneous hydraulic variables, and physiological condition and hydraulic variability
I together enhanced explanatory power. This study provides a quantitative multi-model
framework for analyzing upstream-attempt behavior and offers a scientific basis for
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trajectory is a key external trigger of attempt termination, providing new mechanistic
insights for fish behavior simulation and fishway design.

1. Introduction

The Qinghai-Tibet Plateau, referred to as the ‘Asian Water Tower’, is the source
region of the Yangtze and Yellow rivers, as well as major transboundary rivers: the
Yarlung Tsangpo, Lancang (Mekong), and Nu (Salween) [1]. Its river ecosystems are
characterized by fast-flowing currents, steep elevation gradients and cold water [2]. Under
these distinctive hydromorphological constraints, plateau fishes must swim upstream
against high velocities to reach spawning or feeding habitats, requiring pronounced
seasonal migrations. Such upstream movement is not only a pivotal stage in fish life
cycles, but also a key behavioral adaptation that helps maintain ecological connectivity
and species diversity in plateau waters [3]. In high-flow environments, many fishes
employ a “discrete upstream attempt” strategy, alternating brief, high-intensity burst
swimming with pauses in low-velocity refuges or short retreats, thereby reducing the
energetic costs of sustained locomotion through repeated cycles [4]. During these
attempts, fishes typically show greater variability in swimming speed (e.g., higher
coefficients of variation, reduced proportions of sustained swimming, and increased burst
swimming) and frequent lateral crossings across the channel [5]. Together, these
behaviors indicate a decision-making process in which fishes balance risk against
reproductive benefits under extreme hydrological conditions.

The “initiation—termination” dynamics of fish attempts to negotiate high-velocity
flows are jointly constrained by physiological state and environmental conditions. The
probability of initiating an attempt to move upstream is commonly used as a behavioral
proxy for migratory motivation [6], whereas attempt termination is often interpreted as
an avoidance response [7]. Existing evidence indicates that initiation probability is shaped
by a suite of intrinsic and extrinsic factors, including developmental stage, gonadal
maturity, body size, hydraulic and thermal conditions, diel thythms, and personality [8-
11]. In addition, anthropogenic or otherwise non-natural disturbances (like bright or high-
frequency strobe lighting, vessel noise, and overhead cover) can substantially elevate the
likelihood of attempt termination [12-15]. Among these drivers, hydraulic conditions are
arguably the most influential external determinant: suitably high velocities may promote
gonadal development and strengthen upstream motivation [16], whereas steep velocity
gradients (Grad), elevated turbulent kinetic energy (TKE), or high Reynolds shear stress
(7) are more likely to elicit avoidance [17]. However, much of the current literature relies
on time-averaged, point-based hydrodynamic metrics, implicitly treating behavior as an
instantaneous response rather than a gradual decision process. In reality, animals not only
react to present stimuli [18], but also integrate prior sensory information and evaluate the
current context relative to past experience [19]. Accordingly, fish responses to hydraulic
environments are likely to be “memory-dependent,” suggesting that hydrodynamic
descriptors computed over rolling windows may better approximate the sensory
perceptions of fish and provide more biologically meaningful quantitative variables to
disentangle the mechanisms governing attempt initiation and termination [20].

Schizothorax oconnori Lloyd, 1908, an endemic cold-water fish of the Yarlung Tsangpo
River basin on the Qinghai-Tibet Plateau, holds substantial value for ecological and
evolutionary research [21]. Owing to anthropogenic pressures like habitat fragmentation
and overfishing, its populations have declined markedly enough to be listed as a
vulnerable species [22,23]. Despite its ecological significance, research on the behavioral
mechanisms underlying upstream migration under high-velocity conditions remains
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limited. In particular, there is a clear gap in systematic observations and mechanistic
interpretation of upstream attempt behaviors [24]. Moreover, existing studies have largely
relied on conventional linear statistical approaches [25], which are often insufficient to
capture the curvilinear threshold effects that are widespread in behavioral responses
[26,27]. This underscores the need for an integrated analytical framework capable of
accommodating nonlinear effects for fine-scale behavioral mechanism inference.

Accordingly, this study focuses on S. oconnori and employs controlled behavioral
experiments in an open-channel flume to systematically examine the mechanisms
governing upstream attempt behaviors in complex high-flow environments. Specifically,
we aim to: (1) quantitatively characterize how the probability of attempt initiation
responds to individual state and environmental drivers; and (2) develop an integrative,
multi-model, analytical framework that explicitly accounts for nonlinear effects and
incorporates hydrodynamic fluctuation metrics derived from rolling windows as proxies
for short-term memory. This allows evaluation of how individual endurance state,
hydrodynamic variability, behavioral experience, and attempt sequence jointly shape
attempt termination. The findings should provide theoretical foundations and empirical
support for plateau fish conservation and the design of fish-passage facilities.

2. Materials and Methods
2.1. Study Equipment

To investigate the behavioral decision-making mechanisms of plateau fish during
upstream migration in high-velocity environments, this study established a 16 m long, 3.5
m wide, annular open-channel flume at the Zangmu fish breeding and release station in
Tibet, China. The structure and function of the flume have been described in detail by
Chen et al. [28]. The flume operates on a recirculating water design, with water driven by
five variable-frequency pumps that sequentially direct flow through the rectification, test,
staging, downstream reversal, upstream circulation and upstream reversal zones,
ultimately returning to the rectification zone to complete a closed loop. The test zone is a
constricted channel, 8.60 m in length, equipped with a trapezoidal, non-submersible baffle
device that enables high test-flow speeds while effectively minimizing turbulence caused
by abrupt shape transitions (Figure 1a).

To accurately capture the real-time movement trajectories of experimental fish, two
high-definition cameras (HIKVISION, Hangzhou, China, 18 Hz) were installed 4 m above
the flume. A white plastic board was placed at the bottom of the flume to enhance the
contrast between the fish and the background. A side-mounted camera was also
positioned to identify the primary activity layers of the fish and monitor real-time water
depth. During the experiments, the still water depth was maintained at 0.30 m, with water
level data continuously recorded via the camera and flow velocity verified every 30 min
using a propeller-type velocity meter (NHRI, LGY-II, Nanjing, China, Nanjing Hydraulic
Research Institute) to ensure the stability of water depth and flow speed. The 3-D
hydrodynamic data for the test zone were collected using an Acoustic Doppler
Velocimeter (ADV) (Figure 1b, Nortek As, Rud, Norway). Monitoring cross sections were
set at 0.25 m intervals from down- to upstream, with a total of 25 sections, and each section
included five measurement points spaced at 0.10 m, totaling 125 measurement points
(square markers in Figure 1a). The ADV sampling frequency was set to 25 Hz (the highest
stable sampling rate under our measurement conditions), with a single-point sampling
duration of 60 s. Measurement points were positioned at a water depth of 0.10 m,
confirmed as the primary activity zone of the fish via side camera recordings. For
monitoring cross-section 12, located at the center of the flume, velocities were measured
not only at the 0.10 m depth, but also at additional depths of 0.05, 0.15, and 0.20 m. The
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average velocity at this section was defined as the nominal velocity (Vion) to represent the
overall flow field intensity (Figure S1).
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Figure 1. Study equipment: (a) Recirculating open-channel flume (top view), showing the main

dimensions of the staging area, test area, flow rectification area, and other circulating areas, with
detailed layout dimensions for the velocity measurement points (square markers) located at each
monitoring cross section, (b) Acoustic Doppler Velocimeter (ADV) instrument, and (c) circular

breeding tanks.

2.2. Fish Acclimation

This study used wild S. oconnori as experimental subjects. A total of 203 fish were
collected from the middle and lower reaches of the Yarlung Tsangpo River near Nyingchi,
Tibet, using gill nets. Fish collection was conducted with approval from the local fisheries
authority. Upon capture, the live fish were immediately transferred to transport
containers filled with water from the Yarlung Tsangpo River, equipped with a
recirculating water system and continuous oxygen supply to ensure sufficient
oxygenation during transport.

After transportation to the Zangmu fish breeding and release station in Jiacha, the
fish were acclimated in two circular breeding tanks (Figure 1c). The tanks (3.00 m in
diameter, 1.00 m in depth) were thoroughly disinfected with potassium permanganate
solution prior to use to prevent disease. The water for breeding was sourced directly from
the Yarlung Tsangpo River, with 50% of the water replaced daily to maintain water
quality. Throughout the acclimation period, water temperature and dissolved oxygen
concentrations were monitored hourly using an oxygen meter (HACH, LDO10103,
Loveland, CO, USA, Hach Company.). Water temperature was maintained between 12.21
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°C and 13.40 °C, and dissolved oxygen concentrations ranged from 6.11 to 7.04 mg/L.
Commercial feed was provided at scheduled times daily, with feeding stopped 24 h prior
to the start of the formal experiments.

2.3. Experiments Design

All experiments were conducted from 12 April to 12 May 2025, during the spawning
season of S. oconnori [29]. At the start of each experiment, a healthy and active
experimental fish was randomly transferred from the breeding tank to the staging zone of
the test flume, where it was allowed 0.50 h to adapt to the environment. After the
adaptation period, the water pump was activated to generate a specific flow velocity.
Stimulated by the flow, the fish typically entered the test zone and began migrating
upstream. Following procedures adapted from closed-flume swimming tests [30,31],
when a fish terminated an upstream attempt and returned to the staging zone, a mild non-
contact stimulus was applied by gently tapping the side wall of the flume or lightly
disturbing the water surface with a dip net. This procedure was used only as an auxiliary
prompt to encourage the fish to re-enter the test zone and initiate a subsequent upstream
attempt. The dip net was not used to contact or chase the fish, nor was it used to direct the
fish toward a particular upstream route or hydraulic region. Thus, the fish retained the
choice of whether and where to re-enter the test zone. The prompting procedure was
intended to minimize prolonged resting and endurance recovery between successive
attempts, thereby maintaining continuity in the estimation of the fish’s endurance status.
If the fish showed no willingness to move upstream after three prompting events or
remained attached to the barrier net without responding to the stimulus, it was considered
fatigued, and the trial ended. The successful fish was then removed from the flume for
measurements of body (standard) length and weight. To reduce handling stress, only
healthy and active fish were selected, a 30 min acclimation period was provided before
each trial, and subsequent attempts were encouraged using mild, non-contact prompting.
Trials were terminated immediately when the predefined fatigue criteria were met, and
fish used in another trial were allowed to recover for at least 48 h under normal holding
and feeding conditions. This interval exceeded the reported recovery times for swimming
performance and physiological indicators like blood glucose and lactate [32-34]. No
mortality occurred during capture, transport, acclimation, or the flume experiments. After
completion of the experiments and post-trial recovery, all fish were released at an
approved release site in the Yarlung Tsangpo River with approval from the local fisheries
authority.

The environmental flow speeds in this experiment were designed to assess the
behavioral decision-making mechanisms of S. oconnori in high-velocity environments. The
burst swimming speed of this species is approximately 1.21-1.69 m/s [35], so five nominal
flow velocity (Vwm) levels above this range were set for the study (Figure 2), where Q
denotes discharge and N is the number of trials conducted under each condition: Viom =
1.80 m/s (Q =0.24 m3/s, N = 42), Vo = 2.00 m/s (Q = 0.27 m3/s, N = 41), Vien =2.20 m/s (Q =
0.28 m?/s, N =40), Vion =2.40 m/s (Q = 0.28 m3/s, N = 40), and Vuon =2.50 m/s (Q = 0.29 m?/s,
N =40).
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Figure 2. Conditions under different nominal flow velocities (Vion): (a) Body length (BL, m) and body
weight (Weight, g) of the experimental fish, (b) Water temperature (Temp, °C) and dissolved oxygen
(DO, mg/L) levels.

2.4. Hydraulic Characteristics

In addition to the directly measured flow velocity, this study assumes that the factors
most significantly affecting fish swimming behavior include the velocity gradient,
turbulence energy, and Reynolds shear stress in different directions [36]. The velocity
gradient is defined as the ratio of the velocity difference between two adjacent fluid layers
to the distance between them [37]:

)

Grad, =ou / ox
Grad, =0dv/dy

where u and v represent the velocity components along the longitudinal direction of the
flume and perpendicular to the longitudinal direction (m/s), respectively, and x and y are
the distances between fluid layers in the corresponding velocity component directions
(m).

Turbulent kinetic energy (TKE) is defined as the high-speed velocity fluctuations
generated by the superposition of chaotic shear flows with multiple intensities and scales,
exhibiting heterogeneous motion that depends on three-dimensional, temporal, and
spatial factors [38]:

1 1 —\2 l" =2 l" =2
TKE—E(;;(u,—u) +n;(vi V) +n§(wi w)") 2)

where n is the sample size for each measurement point, and u#, v, w represent the
time-averaged flow velocities in the longitudinal, lateral, and vertical directions (m/s),
respectively. ui, vi and wi are the instantaneous flow velocities in those respective
directions (m/s).

Reynolds shear stress (7) is defined as the continuous transfer of momentum between
adjacent viscous flows with different velocities [39]. The Reynolds shear stress in each
direction is defined as follows:

13 _ _
T :_p;Z(ui —u)(vl. _V)
i=1

1 n
z,, =—p;Z(ul- —in)(w, — W) 3)

1< — _
va = _p;Z(Vz _V)(M/l - W)
i=1
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where p is the density of water (10° kg/m?).

2.5. Combining Fish Movement and Hydrodynamics

The motion trajectories of experimental fish in 2-D space were tracked and analyzed
using Logger Pro 3.16 software (Vernier, Beaverton, OR, USA). The video analysis
sampling frequency was set to 18 fps, which was the highest stable frame rate available
for the camera under the experimental settings, and fish body-position coordinates were
identified and connected frame-by-frame to extract the individual movement trajectories.
By overlaying the movement trajectory points with the background flow field, the
corresponding hydraulic factor values for each trajectory point were obtained. To
illustrate the effect of hydraulic factor fluctuations along the flow path on fish behavior
decisions, the standard deviation of the hydraulic factor values corresponding to
trajectory points within the 1 s period prior to the current position [20] was defined as the
fluctuation intensity of the hydraulic factor along the trajectory:

dma%Zm—W 4

where o(x) is the fluctuation value of the hydraulic factor x, xi is the characteristic value of
the ith trajectory point, X is the average value of the hydraulic factor x along the
trajectory within 1 s, and N is the number of trajectory points within 1 s. For upstream
durations shorter than 1 s, N is set to the actual number of trajectory points generated
during that time period.

The fish’s absolute swimming speed (7, ) is calculated using the following formula:
Vo=V, -V, )
where 7, is the flow velocity, I7g is the swimming speed of the fish relative to the

ground, V—g =s/At,and s is the fish’s displacement between consecutive frames, with

At =1/18s.

Fatigue time (T), an important indicator for evaluating fish swimming performance,
reflects the non-sustained swimming capacity of fish, i.e., the duration for which the fish
can maintain swimming under specific conditions [40]. The relationship between fatigue
time (T), the fish’s absolute swimming speed (VS ), and body length (BL) for S. oconnori

can be expressed as follows [28]:

6.29-0.94-V +6.98-BL 3.83BL/s<V, <6.13BL/s

In(T) =
9.87-0.48-V,—7.81-BL V,>6.13BL/s

(6)
where T is the fatigue time (s), and BL is the body length of the fish (m).
Furthermore, the real-time endurance status of the fish is defined as [41]:

E)=1-[" 17 @)

where E represents the remaining endurance status of the fish (%), T is obtained from
Equation (6), and - is the swimming duration (s). It should be noted that when the
absolute swimming speed of S. oconnori is below the critical swimming speed of 3.83 BL/s,
it is considered to be in a fully aerobic exercise state, and no endurance depletion occurs
[35,42].

A single attempt to move upstream is defined as the complete movement process of
an experimental fish from entering to leaving the test zone. This process includes four
typical stages: the upstream trigger point, defined as the moment the fish enters the test
zone and begins an upstream movement attempt; the upstream termination point, defined
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as the moment the fish reaches the maximum longitudinal displacement during that
attempt; the sustained upstream phase, defined as the time interval from the upstream
trigger point to the upstream termination point; and the downstream phase, defined as
the time period from the upstream termination point to the moment the fish exits the test
zone. In a complete experiment, each attempt to move upstream is sequentially numbered
as n in chronological order. Let the initial endurance at the start of the nth attempt to move
upstream be Eo, which is equal to the endurance status at the end of the previous attempt
(En-1). At each observation time t+, the absolute swimming speed of the fish was first
calculated using Equation (5). The corresponding fatigue time T was then estimated from
the species-specific relationship between absolute swimming speed and body length (BL)
given in Equation (6), and the real-time endurance status E(t) was calculated using
Equation (7), where E = 1 represents full endurance and E = 0 represents complete
endurance depletion. When the absolute swimming speed was below the critical
swimming speed of 3.83 BL/s, endurance consumption was set to zero. For the first
upstream attempt, the initial endurance status Eo was set to 1; for each subsequent attempt,
Eowas equal to the endurance status at the end of the preceding attempt (Ex-1). Cumulative
endurance consumption during the current attempt was then calculated as Ec = Eo — E(t.).

2.6. Analysis Methods

To address the nonlinear, heterogeneous, and interactive relationships influencing
fish upstream-attempt behavior, this study developed a multidimensional analytical
framework that integrates multiple technical approaches to comprehensively elucidate
such behavior (Figure 3). By adopting a multidimensional methodology and a hierarchical
identification strategy, this framework provides a systematic evidence base and a
multifaceted perspective for understanding the underlying mechanisms.

N
\
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Figure 3. Schematic diagram of the multi-model analytical framework. A generalized linear mixed-
effects model (GLMM) was used to analyze the triggering mechanism of fish upstream-attempt
behavior, whereas random forest (RF) and SHAP were applied to examine its termination

mechanism. In addition, the GeoDetector was employed to further identify the dominant driving

https://doi.org/10.3390/fishes11070427



Fishes 2026, 11, 427

9 of 29

factors leading to the termination of upstream-attempt behavior under different upstream attempt

sequences, as well as the effects of interactions among these factors.

2.6.1. Generalized Linear Mixed-Effects Model for Analyzing the Initiation Mechanisms
of Attempt Behavior

To systematically investigate the impact of fish status and environmental factors on
the probability of upstream attempt initiation by S. oconnori, a Generalized Linear Mixed-
effects Model (GLMM) with a binomial distribution and logit link was constructed. The
model is set as follows: assuming a single fish completes 1 upstream attempts in a trial, n
+ 1 observations are generated; the first n records correspond to successful upstream
attempts (coded as 1), whereas the (n + 1)th record represents a failed attempt (coded as
0). Following this rule, a dataset containing 160 records was created. The response variable
is a binary classification of upstream attempt initiation (0/1), whereas the independent
variables include endurance status at the end of the previous attempt (E«-1), BL, nominal
flow velocity (Vwm), water temperature (Temp), and dissolved oxygen (DO). Fish identity
(Fish ID) was included as a random intercept to account for repeated initiation
opportunities within individuals. The model structure was specified as:

logit(p,) = B+ ﬂlEn—l,ij +B,BL + Viems + ﬁ4Temp[j + IBSDOij +b, (8)

where pij is the probability that fish i initiates an upstream attempt at initiation
opportunity j; po is the intercept, f1—fs are fixed-effect coefficients, and b is the random
intercept for Fish ID.

Continuous predictors were Z-standardized before model fitting. To assess
multicollinearity among independent variables, variance inflation factors (VIF) were
calculated using the car package (3.1-3) in R (4.5.1). The results show that all VIF values
are less than 3, indicating no significant multicollinearity. Subsequently, a stepwise
regression method was used for variable selection and model simplification to optimize
model structure and improve explanatory efficiency. To eliminate potential interference
from individuals using the static recovery area in the upper corner of the test zone, only
samples that did not reach the uppermost part of the test zone were included in the final
analysis (N =79). The GLMM was constructed using the Ime4 package (4.5.1) in R (4.5.1).

2.6.2. Random Forest for Analyzing the Termination Mechanism of Attempt Behavior

To address potential nonlinear features and multi-factor interactions in the
termination mechanism of a single attempt to move upstream, this study developed a
multidimensional analysis framework to comprehensively analyze the behavioral
decision-making mechanism. The framework treats each trajectory point during the
sustained upstream phase as an independent observation sample. Each sample contains
three categories of feature variables: (1) Fish status, including body length (BL), real-time
endurance status (E), initial endurance status for the attempt to move upstream (Eo), and
cumulative endurance consumption (Ec); (2) Hydraulic factors, including longitudinal
flow velocity (u), lateral flow velocity (v), longitudinal velocity gradient (Grad.), lateral
velocity gradient (Grady), turbulence kinetic energy (TKE), and Reynolds shear stress
components (Tuw, Tuw, Tow); (3) The fluctuation intensity of the hydraulic factor along the
trajectory (Equation 4), including o(Gradu), 0(Grads), 6(TKE), 0(Tw), 0(Tuw) and o(Tew).

To capture the complex relationship between key variables and the fish’s upstream
termination behavior (binary classification: 0/1), this study employed a binomial
distribution-based Random Forest (RF) model for analysis. RF, an ensemble supervised
machine-learning algorithm, demonstrates strong performance in classification tasks by
constructing and aggregating multiple decision trees [43,44]. To mitigate the impact of
class imbalance on model training, the SMOTE method was used to balance the training
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set samples before modeling [45]. Model performance was evaluated using leave-one-fish-
out cross-validation (LOFO). In each iteration, all trajectory points from all upstream
attempts made by one fish were held out as the validation set, whereas observations from
the remaining fish were used for model training. This procedure ensured that the same
individual, and consequently the same upstream attempt, did not contribute observations
to both the training and validation datasets. Missing-value imputation, SMOTE
oversampling, and feature standardization were performed using the training data within
each iteration. Precision, recall, F1 score, and false-positive rate were calculated from the
pooled out-of-fold predictions. To further enhance model interpretability, SHapley
Additive exPlanations (SHAP) values were introduced to quantify the contribution of
each variable to the prediction [46]. A Generalized Additive Model (GAM) was used to fit
the relationship between SHAP values and actual variable values [47], and Partial
Dependence Plots (PDPs) were employed to visualize the relationship between key
variables and the response [48]. The RF model was constructed using the Scikit-learn
package (1.8.0) in the Python (3.13) environment.

2.6.3. Introducing a GeoDetector-Based Analysis of Variance Framework to Analyze the
Effect of Attempt Sequence on the Termination of Fish Attempt Behavior

To investigate the impact of the sequence of upstream attempts on fish behavior
decision-making within a single trial, this study introduces the Geodetector method to
supplement the limitations of machine learning models in heterogeneous data
stratification comparisons [49]. Geodetector is a statistical tool based on spatial
differentiation theory, originally used to identify driving factors of geographic
phenomena [50]. This method, which is insensitive to multicollinearity, belongs to the
variance analysis framework and has been widely applied in the study of driving
mechanisms for both natural and socio-economic factors [51,52]. This study is the first to
introduce Geodetector into fish behavior research. By using its factor detector and
interaction detector modules, the study identifies key influencing variables under
different upstream sequences (1) and analyzes their independent and interactive effects.

The factor detector is used to quantitatively assess the explanatory power of a factor
on attribute differentiation, where the dependent variable Y must be numeric and the
independent variable X is categorical. In this study, continuous independent variables are
discretized using the equal-frequency binning method (see Tables S1-53). The
explanatory power of a single driving factor X on Y is measured by the g-statistic, and its
calculation formula is as follows:

L 2
N,o
qzl_Zh:I 2/1 h (9)
No

where h =1, 2, ..., L represents the strata of the independent variable X; N» and N are the
number of units within the stratum and in the entire population, respectively; 0? and 02
are the variances within the stratum and the overall population, respectively. The g-
statistic ranges from 0 to 1, with a higher g-statistic indicating a stronger explanatory power
of the variable on the dependent variable.

The interaction detector is used to analyze the interaction between two independent
variables, X1 and Xz, on the dependent variable Y. By comparing the g-statistic of the
interaction term (Xi1nX2) with those of the individual variables (X1 or X2), different types
of interactions can be identified, including Nonlinear Weakening, Unique Weakening,
Bivariate Enhancement, Independence, and Nonlinear Enhancement.

In summary, for the study of fish attempt termination mechanisms, this paper
constructs a comprehensive analysis framework that integrates RF, SHAP analysis, and
Geodetector, aiming to balance model prediction performance with result interpretability.
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RF excels at capturing nonlinear relationships between variables and behavioral
responses, while SHAP analysis provides variable importance rankings and dependency
visualizations. Geodetector, on the other hand, utilizes the g-statistic for standardized
cross-layer comparisons of factor influence, enhancing the robustness of statistical
inferences. This integrated approach not only maintains high fitting accuracy, but also
improves the reliability of model outputs in structural comparison and mechanism
identification.

3. Results
3.1. Hydrodynamic Characteristics of the Flume

Figure 4 shows the distribution characteristics of the time-averaged flow velocity (V),
velocity gradients (Grad. and Grady), turbulent kinetic energy (TKE), and Reynolds shear
stress components (Tu, Tuw, Tow) under different Viom. As Vion gradually decreases from 2.50
to 1.80 m/s, the overall kinetic energy of the flow field significantly decreases, with the
high-speed zone shrinking and the flow becoming more uniform and stable (Figure 2a).
Specifically, when Vien = 2.50 m/s, the maximum velocity reaches 3.20 m/s; when Vion
decreases to 2.40 m/s, the maximum velocity decreases to 2.84 m/s; for intermediate
conditions (Vi =2.20 m/s, 2.00 m/s), the velocity further decreases; by Vion =1.80 m/s, the
minimum velocity is ~0.80 m/s, indicating that the flow field transitions from a high- to
low-energy state (Table 1).

The spatial distribution of Grad. exhibits pronounced heterogeneity and shows a
systematic response to changes in the nominal velocity, Vion (Figure 4b). Overall, under
relatively high-Vum conditions, the absolute values of Grads within the test zone remain
generally small, while positive and negative gradients are scattered and vary smoothly.
This indicates that the streamwise velocity changes relatively continuously, with neither
local acceleration nor deceleration being particularly prominent, and the overall flow
structure remaining comparatively stable. For example, when Vien = 2.5 m/s, Grad. ranges
from —0.38 to 1.45 s (Table 1). Spatially, weak positive gradients dominate, and negative-
gradient patches appear only in a few narrow local regions, suggesting that the velocity
changes gradually along the flow direction and that the mainstream flow development is
relatively smooth. As Vion decreases, the spatial distribution of Grad. gradually shifts from
relatively uniform to more patchy and locally intensified, with zones of local acceleration
and deceleration becoming increasingly distinct. In particular, under intermediate and
low-velocity conditions, the alternation between positive and negative longitudinal
velocity gradients becomes more evident, indicating enhanced spatial non-uniformity of
streamwise velocity variation and more-frequent local flow-field adjustments within the
test zone. For example, when Vi = 1.8 m/s, regions with values of about —0.5 s appear
near x =1 m and x =3 m, indicating a decrease in velocity along the flow direction and the
formation of local deceleration zones. In contrast, a positive gradient of ~0.7 s appears
near x =2 m, reflecting an increase in velocity along the flow direction and corresponding
to a local acceleration zone. This spatial pattern is consistent with the velocity distribution
shown in Figure 4a for Vien = 1.8 m/s: areas where the velocity contours are more curved
and where local high- and low-velocity bands are interlaced tend to coincide with regions
of pronounced Grad. variation.

The distribution of Grad. shows a highly localized patchy structure, with extreme
values primarily located near the side walls of the flume (Figure 4c). The values fluctuate
dramatically between positive and negative, forming several isolated high-gradient
centers, revealing intense lateral shear effects in the wall regions. Unlike Grads, the
distribution of Grado is less influenced by Vim and more indicative of intermittent
characteristics caused by turbulence-related structures.
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The spatial distribution of TKE is highly sensitive to changes in Vion, with high-value
regions consistently concentrated in the high-speed gradient zone on the right bank of the
upper test zone (Figure 4d). When Vion = 2.50 m/s, the maximum TKE value reaches 0.30
m?/s% as Viem decreases, TKE intensity systematically decays, and by Vien = 1.80 m/s, the
maximum value drops to 0.05 m?/s?, indicating a significant reduction in turbulence
intensity (Table 1).

The Reynolds shear stress components show distinct anisotropy (Figure 4e-g). The
high-value regions of Tw are continuously distributed along the wall surface, with their
strength decreasing slightly from 7.55 N/m? at Vien = 2.50 m/s to 7.40 N/m? at Viom = 2.40
m/s, outlining the boundary of the main momentum transport. Tw and Teww display a
localized patchy distribution, and their maximum values do not show a consistent trend
with decreasing Viom: Tuw decreases from 11.19 N/m? at Vien = 2.50 m/s to 4.03 N/m? at Viom
=2.40 m/s, then increases to 9.20 N/m?2 at Vien = 1.80 m/s; Tow increases from 2.88 N/m?2 to
3.35 N/m?, then drops back to 2.87 N/m?, reflecting changes dominated by local vortices
with no clear systemic trend (Table 1).
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Figure 4. The contour maps of the hydraulic factors at a water depth of 0.10 m in the test zone, with
decreasing nominal flow velocity (Vi) from top to bottom in a single image, are as follows: (a) Vy
(m/s). The black square markers represent the measurement points for each monitoring section. The
black arrows indicate the direction of the flow velocity, with the arrow length representing the flow
speed. The white labels show the values corresponding to each contour line. (b) Grad. (s™), (¢) Grado
(s), (d) TKE (m?/s?), (e) Two (N/m?), (f) Tuw (N/m?), (8) Tow (N/m?).

Table 1. Distribution range of hydraulic factors in the test zone under different nominal flow

velocities (Viom).

Viom (m/s) Vs (m/s) Gradu (s) Grady (s)) TKE (m?s?)  Tuw (N/m?2) Tuw (N/m2) Tow (N/m2)
2.5 1.45-3.21 -0.38-1.45 -4.05-2.89 0-0.30 -7.55-5.06 -4.70-11.19 -2.23-2.89
2.4 1.27-2.84 -0.56-0.77 -4.61-3.65 0-0.24 -7.28-6.01 -3.85-4.03 -1.95-3.35
2.2 1.00-2.76 -0.48-0.61 -5.21-4.35 0-0.22 -5.31-3.52 -6.36-5.51 -3.00-2.98
2.0 0.96-2.70 -0.48-0.78 -2.92-3.71 0-0.08 -8.31-5.49 -4.43-3.92 -1.60-2.87
1.8 0.80-2.83 -1.08-1.43 -5.93-6.13 0-0.05 -7.40-4.26 -4.66-9.20 -2.87-3.54

3.2. Fish Upstream Attempt

This study constructed a binomial generalized linear mixed-effects model (GLMM)
to analyze the key factors influencing the upstream attempt behavior of S. oconnori. Model
selection was based on the Akaike Information Criterion (AIC), and Table 54 lists the top
5 models with the best performance. The most parsimonious model retained remaining
endurance before the current initiation opportunity (En-1) and nominal velocity (Vion) as
fixed effects, with fish identity included as a random intercept. After accounting for
individual-level dependence, both En1 and Vim were significantly and positively
associated with attempt initiation (Table 2). A one-standard-deviation increase in En1
increased the odds of initiating an upstream attempt by a factor of 3.55 (OR = 3.551, 95%
CI: 1.683-7.492, p <0.001), whereas a one-standard-deviation increase in Vion increased the
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odds by a factor of 1.81 (OR =1.808, 95% CI: 1.114-2.935, p = 0.017). BL, water temperature,
and dissolved oxygen were not retained in the most parsimonious model. Consistent with
the model results, the observed proportion of attempt initiation increased with nominal
velocity, and fish with high remaining endurance (Ex1 =0.8-1.0, 87.50%) showed a
substantially higher initiation proportion than fish with low remaining endurance (En-1
=0-0.2, 25.71%) (Figure 5).

Table 2. Probability of S. oconnori initiating an upstream attempt by endurance status at the end of
the last attempt (En-1) and nominal flow velocity (Viom).

Estimate Std. Error z Value Pr(>lzl) Odds Ratio
(Intercept) 0.12 0.23 0.51 0.611 1.12
En 1.27 0.38 3.33 <0.001 3.55
Viom 0.59 0.25 2.40 0.017 1.81

proportion of fish (%)

Continuous predictors were Z-standardized before model fitting. Odds ratios therefore represent

the change in the odds of initiating an upstream attempt associated with a one-standard-deviation
increase in each predictor. Fish identity was included as a random intercept to account for repeated
observations within individuals.

100 4

75

50~

25 A

2.0 2.2 24 2.5 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1
Vnom (m/s) En—l

[ Failed triggering of upstream attempt 7777 Successful triggering of upstream attempt

Figure 5. Probability of S. oconnori initiating the nth upstream attempt in relation to (a) nominal

flow velocity (Vion) and (b) energy status after the previous attempt (En-1) based on field data.

A Random Forest model was developed to predict the point-level probability of
upstream-attempt termination. LOFO cross-validation yielded a precision of 0.84, a recall
of 1.00, an F1 score of 0.91, and a false-positive rate of 0.0023. Because all observations
from each fish were held out together, these metrics were obtained from predictions for
individuals excluded from the corresponding model-training datasets. To better
understand how the features in the model drive the predictions, SHAP values for each
feature were calculated. The importance of each feature was ranked based on the average
absolute SHAP values from the RF model, identifying the key driving factors affecting the
probability of attempt termination. The top 4 features (E;, Eo, o(TKE), and Tww) were
assessed as the most important variables (Figure 6). Additionally, the middle section of
Figure 6 shows the swarm plot for each feature, illustrating the correlation between
feature values and SHAP values. The larger the absolute SHAP value of a feature, the
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greater its impact on the RF model. Blue points represent higher values of the feature,
whereas yellow points represent lower values. Higher values of Ec, 0(tw), 0(TKE), u, Tow,
o(Gradu), o(tw), Eo, and TKE were positively correlated with the probability of fish
terminating their upstream attempts. In contrast, factors like Gradu, Tww, and Grad» were
negatively correlated with the probability of attempt termination.
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Figure 6. SHAP analysis summary of the driving factors for fish upstream attempt termination
behavior. The variables are ranked in descending order of their average impact on the RF model
output (average absolute SHAP values). Each point represents a sample, with its position on the x-
axis (SHAP value) indicating the direction of influence of that feature value on the prediction result.
The color of the point represents the size of the feature value. E is the most influential predictor

variable.

Based on the analysis of the key driving factors for fish upstream attempt termination
mechanisms, this study quantifies the range of effects of each key factor on the termination
probability of S. oconnori’s upstream behavior by fitting the relationship between SHAP
values and actual variable values using GAM (Figure 7a-r). Positive SHAP intervals
indicate enhancing effects on the termination probability, whereas negative intervals
represent suppressive effects.

For the fish status indicators (Figure 7a—d), BL significantly decreases the termination
probability when it is under 0.34 m or above 0.42 m, whereas it increases the termination
probability in the range of 0.34 to 0.42 m, indicating a heterogeneous relationship between
fish body length, propulsion efficiency, and swimming ability. Real-time endurance status
(E) significantly increases the termination probability when it is under 0.75, highlighting
the crucial impact of immediate physiological changes on behavioral decision-making.
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The termination probability increases when the initial endurance status (Eo) is under 0.95,
emphasizing the key role of initial endurance in the fish’s ability to persist and adapt
during upstream migration. Cumulative endurance consumption for a single upstream
attempt (Ec) significantly promotes termination when it exceeds 0.11, revealing the direct
effect of cumulative endurance depletion on behavioral decision-making. This indicates
that once endurance consumption reaches a certain threshold during upstream migration,
the fish’s ability to continue coping with hydraulic challenges sharply declines. These two
change points represent different temporal components of endurance status: Eo <0.95
indicates that the fish began an attempt with a reduced endurance reserve carried over
from preceding activity, whereas E. > 0.11 indicates that additional endurance depletion
accumulated during the current attempt exceeded ~11%.

The analysis of hydraulic factors (Figure 7e-j) further reveals the critical role of
external flow conditions in regulating fish upstream behavior. The relationships between
hydraulic factors and termination probability exhibit complex nonlinear patterns and
clear effect thresholds. For u, when u is less than —2.33 m/s or greater than -1.13 m/s, the
termination probability increases, indicating that water flow velocity has a significant
impact on fish behavior. Moreover, -1.13 m/s may represent the preferred flow velocity
for this species. When u > -2.33 m/s, stronger individuals may be selected through a
survival bias effect, leading to a lower termination probability. Notably, v shows a
negative correlation with termination probability, with larger absolute values of v leading
to higher termination probabilities. This may be due to the relatively small lateral velocity
in the upstream part of the test zone, limiting the effect of v. Gradu and Grad. increase
termination probability when Grad. <-0.34 s and Grad. <—0.17 s7, indicating that larger
velocity gradients in specific directions increase endurance consumption and affect
movement stability, thereby triggering termination. Turbulence kinetic energy (TKE)
significantly increases the termination probability in the range of 0.03 to 0.08 m?¥/s?,
showing that higher turbulence intensity significantly affects fish upstream behavior. The
different components of Reynolds shear stress (Tw, Tww, Tw) display varying effects.
Among the Reynolds shear stress components, T« showed a threshold-like association
with termination probability, with a noticeable change in the response pattern when Tu
exceeded approximately 1.56 N/m2. This suggests that vertical-longitudinal momentum
exchange may become more relevant to attempt termination above this range. In contrast,
Tw and Tow did not show clear monotonic or threshold-related patterns within the observed
ranges, indicating that their marginal effects were less evident under the present
experimental conditions.

For the hydraulic factor stimulus intensities (Figure 7k-o), the longitudinal velocity-
gradient stimulus intensity (0(Grad.)) increases the termination probability in the range of
0.16 to 1.51 s, whereas it decreases the termination probability when it is below 0.16 or
above 1.51 s7. This suggests that uncertainty in the flow environment increases the fish’s
willingness to abandon the upstream attempt. The lateral velocity-gradient stimulus
intensity (0(Grady)) reduces the termination probability in limited ranges (0 to 0.35 s and
2.52 to 3.29 s), while increasing the termination probability in other ranges, reflecting the
impact of lateral velocity-gradient fluctuations on the fish’s willingness to continue
upstream. Turbulence Kkinetic-energy stimulus intensity (o(TKE)) increases the
termination probability in most ranges, demonstrating the strong hindering effect of
turbulence fluctuations on fish upstream behavior. For the fluctuations in Reynolds shear
stress components (0(Tw), 0(Tuw) and o(Tw)), larger shear-stress fluctuations (o(tw) > 0.63
N/m2, 6(Tuw) >0.50 N/m?, 6(Tww) > 0.34 N/m?) significantly inhibit the fish’s upstream intent.
Extreme fluctuations (o(7uw) > 2.08 N/m?, o(tuw) > 1.82 N/m?, and o(tw) > 1.17 N/m?) may
even cause “behavioral selection”, eliminating individuals with weaker abilities or
experiencing poorer conditions.
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Figure 7. Key point (red point) identification of the factors influencing the termination probability
of fish upstream attempt behavior. The green-shaded regions indicate positive-effect intervals,
whereas the red-shaded regions indicate negative-effect intervals. Panels (a-d), (e-1), and (m-r)
represent the fish status factors, hydraulic factors, and hydraulic factor stimulus intensities,
respectively. (a) BL, (b) E, (¢) Eo, (d) E, (e) u, (f) v, (g) Gradu, (h) Grady, (i) TKE, (j) Tu, (K) Tuw, (1) Tow,
(m) o(Grady), (n) o(Grado), (0) o(TKE), (p) o(tw), (q) 0(Tuw), and (r) o(Tww).

3.3. Effect of Upstream Attempt Sequence on the Probability of Attempt Termination

The factor analysis results of the Geodetector model (Figure 8) indicate that, with the
exception of Eo in the first upstream attempt (1 = 1, where Eo for the first upstream fish is
always 1), all other factors significantly explain the termination probability of upstream
attempt behavior in S. oconnori across different upstream sequences (p < 0.001). For the
first upstream attempt (n = 1), E, E;, and o(TKE) are the main factors influencing the fish’s
behavioral decision-making during upstream migration. This pattern aligns with the
results for the overall sample (Total). However, for repeated upstream-attempt fish (n >

1), the main driving factors are Ec, 0(Grad.), and o(TKE).
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Figure 8. Importance ranking of factors influencing the termination probability of fish upstream
attempt behavior based on g-statistic: (a) the first upstream attempt, (b) repeated upstream attempts,

(c) overall sample.

Further comparison of the overall explanatory power of the three factor categories
(fish status, hydraulic factor, and the fluctuation intensity of the hydraulic factor along the
trajectory) (Table 3) shows that the relative importance of each factor changes with the
upstream attempt sequence. In the first attempt (n = 1) and overall sample (Total), fish
status indicators have the highest average explanatory power (mean g1 = 0.19, mean g1
= 0.12), followed by the fluctuation intensity of hydraulic factors along the trajectory
(mean gr=1 = 0.12, mean g.-1 = 0.10), whereas hydraulic factors have the lowest explanatory
power (mean g»-1 = 0.06, mean g»1 = 0.05). However, in repeated upstream attempts (1 >
1), the fluctuation intensity of the hydraulic factor along the trajectory becomes the most
important factor (mean g1 = 0.12), followed by fish physiological condition (mean g1 =
0.09), whereas hydraulic factor measurements remain at the lowest level (mean g»1=0.05).
This result reflects the dynamic shift in the driving mechanism of fish upstream behavior,
from being primarily influenced by physiological factors in early attempts to becoming
more sensitive to hydraulic fluctuations in later attempts.

Table 3. The g-statistic values of indicators.

q-Statistic

t i Indicat

Categories ndicators n=1 n>1 Total
BL 0.01 0.01 0.01

Fish status E 0% oo ™
Eo 0.00 0.01 0.04
E. 0.36 0.32 0.29
u 0.14 0.07 0.09
01 04 .02
Hydpraulic factor G:; d 8 g 4 8 84 8 84
Grads 0.01 0.01 0.00
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Figure 9 presents the analysis results of factor interactions based on the Geodetector
model, revealing the crucial role of fish status in modulating their environmental
responses. In the first upstream attempt (n = 1), initial endurance (Eo) was found to be
independent of other factors, whereas most other factors exhibited significant bivariate or
nonlinear enhancement effects. These interactions were reflected in a g-statistic greater
than the sum of the independent g-statistics of the two factors. Notably, the interaction
significantly enhanced the explanatory power for behavior; the representative interaction
g-statistic (maximum 0.48) was more than 23% higher than the highest single-factor g-
statistic (0.39) (Table 4). This result rejects the assumption of simple linear factor-effect
summation, indicating that the fish’s real-time physiological state can significantly
modulate their behavioral response to external hydraulic conditions. This “physiological
modulation” mechanism is valid across different upstream scenarios, as shown in Table 4
(sorted by g-statistic), with the most influential interactions originating from combinations
of fish status indicators (E, E, and Eo) and the fluctuation intensity of hydraulic factors
along the trajectory indicators (like o(TKE)), 0(Grads), and o(tw)). In contrast, interactions
based on time-averaged hydraulic parameters (like 1) showed weak explanatory power.
This further suggests that fish dynamically weigh hydraulic fluctuations based on their
physiological condition during upstream behavior.
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Figure 9. Interaction detection among factors: (a) the first upstream attempt (n = 1), (b) repeated

upstream attempts (1 > 1), and (c) the overall dataset (Total).

Table 4. Dominant interactions between two driving factors under different upstream attempt

sequences.
Main I i "

ain Interactions 1 1 Total
1 o(TKE)NnE 0(Tuw) N Ec Ecn Eo
2 o(TKE) n Ec o(Grady) N Ec o(TKE)n Ec
3 EnBL o(TKE)n Ec 0(Tw) N Ec
4 TwNE 0(Tuw) N Ec E.nE
5 o(Tw) NE u N Ec 0(Tuw) N Ec

4. Discussion
4.1. Initiation Mechanisms of Attempt Behavior

This study adopts a combined perspective of bioenergetics and behavioral ecology,
viewing fish movement as the result of the integrated effects of the fish’s internal state and
surrounding hydrodynamic conditions. The study shows that, during continuous
upstream migration, whether S. oconnori initiates an upstream attempt is primarily driven
by the fish’s own endurance state and environmental velocity stimulation. Furthermore,
internal energy reserves, rather than external physical or morphological factors, are the
key determinants of behavioral decision-making. Moreover, individuals in a high-
endurance state exhibit a significantly higher proportion of upstream attempts than those
in a low-endurance state. This suggests that after repeated failed attempts to move
upstream, fish are less willing to migrate based on their remaining endurance to better
avoid extreme energy depletion that risks death. This finding aligns with existing
research, which suggests that energy conservation strategies are the primary behavioral
guideline for fish when facing high energy-consumption scenarios [53]. Therefore, when
assessing fish passage through hydraulic barriers, we should view individuals as
proactive decision-makers with dynamic endurance states, rather than passive responders
to flow stimuli, to accurately predict their behavior.

It is worth noting that, along with the significant positive effect of nominal velocity
on the probability of initiation of an upstream attempt (Table 2, Figure 4a), there is a
corresponding increasing trend in the proportion of attempts under high flow velocities.
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This confirms the importance of high-flow hydraulic stimulation as an external signal
triggering upstream behavior. This is consistent with other migratory fish species, which
exhibit stronger directional swimming and upstream motivation under medium to high
water velocities [6,54,55]. Recent flume and fishway studies have similarly shown that
fine-scale velocity and spatially heterogeneous hydraulic conditions can influence fish
swimming trajectories, directional responses, and passage performance [56,57]. However,
it should be emphasized that excessive water velocity inevitably inhibits exploratory
attempt behavior [58]. The results of this study do not show this phenomenon, which may
be due to the nominal velocities being set based on closed-flume test results. This method
has been widely confirmed to underestimate the true swimming ability of fish [59-61].
Therefore, the overall water velocity may not have reached the level that S. oconnori would
immediately avoid.

4.2. Termination Mechanisms of Attempt Behavior

This study integrates RF and SHAP to systematically reveal the key driving
mechanisms behind S. oconnori’s upstream-attempt curtailment. Initial endurance status
and within-attempt endurance consumption showed distinct model-derived change
points. An Eo value below ~0.95 indicates that a fish entered the attempt with reduced
endurance carried over from preceding activity, whereas an E. value above ~0.11 indicates
additional endurance depletion accumulated during the current attempt. These
complementary patterns suggest that attempt termination may become more likely either
when the available endurance reserve is already reduced at attempt initiation or when
endurance declines substantially during the ongoing attempt. In the natural environment,
excessive energy consumption or an insufficient initial energy budget both suggest risks
like exhaustion, underdeveloped reproductive systems, or increased predation [62,63].
The observed conservative behavioral response may reflect an adjustment that balances
energy expenditure, endurance reserves, and survival risks [64,65]. The endurance-related
predictors should be interpreted collectively. Real-time endurance (E), initial endurance
(Eo) and cumulative endurance consumption (Ec) represent different temporal aspects of
endurance status, but E. is mathematically determined by Eo and E. Consequently, the
relative SHAP importance assigned to these variables may partly reflect the distribution
of shared predictive information among them. Their consistently high model
contributions nevertheless support the broader importance of endurance status in attempt
termination, whereas the relative ranking among individual endurance indicators
warrants cautious interpretation. Additionally, this study introduces the “fluctuation
intensity of hydraulic factor along the trajectory” indicator to deepen the understanding
of fish avoidance behavior mechanisms. Although changes in single-point hydraulic
values like TKE and Gradv have limited direct effects on fish behavior, their corresponding
fluctuation intensity indicators (o(TKE), o(Grade)) significantly influence behavioral
continuity. The positive correlation between hydraulic fluctuation intensity and
termination probability indicates that fish respond more to the dynamic characteristics of
hydraulic environments, rather than to instantaneous absolute values. The
unpredictability of the hydraulic environment itself acts as an important environmental
stressor [66]. Higher fluctuation intensity may interfere with fish orientation abilities and
increase energy consumption for posture maintenance [67]. When fluctuations exceed fish
sensory or physiological tolerance thresholds, stress responses may be triggered,
indirectly causing behavior termination through accelerated energy consumption [68,69].
Recent studies further indicate that hydrological variability can alter fish passage rates,
passage timing, and the biological composition of individuals successfully negotiating
hydraulic structures, supporting the need to consider both hydraulic variability and
biological differences in fish-passage assessment [70,71]. This study also emphasizes the
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importance of measured hydraulic indicators, particularly the impact of Reynolds shear
stress on fish swimming performance and stability. At extremely high levels, Reynolds
shear stress can cause severe injury or even death in fish [72], especially when fish are
spun around [73]. The directional specificity of this tension is significant for fish [17], and
the results of this study show that Reynolds shear stress in the uw-direction—when
exceeding a certain threshold —significantly increases the probability of fish terminating
their attempts.

GeoDetector analysis identified a sequence-related shift in the dominant explanatory
factors associated with attempt termination. During the first upstream attempt,
physiological condition, particularly endurance status, had the greatest explanatory
importance. During subsequent attempts, however, hydraulic-variability metrics along
the trajectory —particularly lateral velocity-gradient variability and turbulence kinetic
energy variability —became relatively more important. This apparent transition from
physiology-dominated to hydraulics-dominated associations is consistent with
behavioral adjustment based on repeated experience in the flow environment [74,75].
Nevertheless, cumulative fatigue and stress, including possible changes in arousal from
repeated non-contact prompting (which may simulate predator threat), as well as the
progressive retention of stronger or more responsive individuals, may also have
contributed to the observed sequence-related pattern.

Previous studies suggest that learning and environmental familiarity may influence
fish orientation and behavioral responses during repeated exposure to a flow
environment [76-78]. In the present study, the increasing relative importance of
hydraulic-variability variables during subsequent attempts is consistent with possible
changes in environmental familiarity or behavioral experience. Cumulative fatigue, stress,
repeated prompting, and the progressive retention of stronger or more responsive
individuals may also contribute to this sequence-related pattern. Further controlled
experiments may help clarify the relative roles of behavioral experience, physiological
condition, and repeated hydraulic exposure. Explicit experiments to test predator threats
[79,80] are also warranted.

This study highlights the explanatory importance of fish endurance status and
hydraulic variability in understanding upstream-attempt termination. The interaction-
detector results further showed that combinations of physiological and hydraulic-
variability variables had greater explanatory power than the corresponding individual
variables. These non-additive associations suggest that physiological condition and
hydraulic variability may jointly contribute to variation in attempt termination. Fish with
greater energy reserves may remain more responsive to hydraulic challenges, whereas
increasing fatigue may be associated with stronger avoidance responses under similar
hydraulic conditions [64,65,81].

5. Conclusions

This study constructs a multi-model behavioral analysis framework integrating
GLMM, RF, SHAP, and GeoDetector, using the high-altitude endemic fish S. oconnori as a
model to characterize factors associated with upstream-attempt behavior under high-flow
conditions. The conclusions focus on the following three aspects: 1. Attempt initiation:
Remaining endurance was the most important predictor of upstream-attempt initiation,
with nominal flow velocity also showing a positive association. Fish with greater
remaining endurance were more likely to initiate an upstream attempt, suggesting
behavioral regulation associated with energy reserves. 2. Attempt termination: This was
associated with endurance depletion, initial endurance, and hydraulic variability. Marked
changes in model-predicted termination probability occurred when endurance
consumption during a single attempt exceeded ~11% or initial endurance fell below ~95%.
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These values represent model-derived change points under the present experimental
conditions. Hydraulic-variability metrics further highlighted the relevance of flow-field
variability to attempt termination. 3. Sequence-related changes and interaction effects: As
the number of attempts increased, the dominant explanatory factors apparently shifted
from physiological condition in the first attempt to hydraulic variability during
subsequent attempts. This sequence-related pattern is consistent with behavioral
adjustment from ongoing experience in the flow environment. Cumulative fatigue, stress,
repeated prompting (or predator risk), and the progressive retention of stronger or more
responsive individuals may also contribute to the observed pattern. The interactions
between physiological state and hydraulic variability together enhanced explanatory
power, suggesting that internal physiological condition and external hydraulic conditions
jointly contribute to variation in attempt termination.

Several limitations should be considered when interpreting these findings. The
experiments were conducted under controlled flume conditions using a single species,
and the model-derived change points may therefore be specific to the present biological
and hydraulic settings. In addition, the mathematical relationship among the endurance-
related variables may influence their individual importance in the models. Further
validation across species and under more diverse or natural flow conditions is warranted.

This study proposes and applies a multi-model framework for characterizing factors
associated with fish upstream-attempt initiation and termination. This framework can be
applied to similar fish-behavior studies to evaluate the contributions of multidimensional
variables and help guide the optimization and improvement of fish-passage facilities.
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