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We examine the navigation behavior of the photosensitive alga Euglena gracilis in confined
environments. Under uniform lighting conditions, E. gracilis exhibits stochastic movements with nearly
straight runs interrupted by abrupt directional changes. The lengths of these runs follow a long-tailed
distribution typical of a Lévy walk, with scaling exponents that vary with light intensity. In gradient lighting
conditions, the cells modulate their run durations—extending them upon detecting an increase in light
intensity and shortening them when a decrease is detected. This adjustment effectively biases the Lévy
walk, enabling the cells to ascend the spatial light gradient. This behavior mirrors well-known prokaryotic
stochastic navigation strategies, such as bacterial chemotaxis, offering a eukaryotic parallel. The
experimental observations under varied lighting conditions are consistently replicated through an
agent-based model.
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Microorganisms, encompassing both prokaryotic and
eukaryotic domains, have evolved diverse strategies to sense
and respond to external cues such as chemical [1–9], light
[10–22], gravitational [23,24], electrical fields [25,26], and
fluid flowpatterns [27,28]. Effective navigation is crucial for
these organisms to adapt and flourish in natural environ-
ments, which are often marked by spatial heterogeneity and
temporal fluctuations in resource availability [29–36].
Beyond their biological and ecological functions, inves-
tigations into these navigation strategies also have signifi-
cant implications for theoretical and applied issues, such as
optimal search strategies [37,38] and the control of biomi-
metic artificial microswimmers [36,39–41].
Prokaryotes, primarily archaea and bacteria, are charac-

terized by their micrometric size, which limits their sensory
capabilities and makes them susceptible to noise in signal
detection. Consequently, prokaryotes often resort to sto-
chastic navigation strategies. For example, bacteria bias the
transition rates between run and tumble states to achieve
chemotaxis [30,31,34,42–45]. In contrast, eukaryotic cells,
such as algae and sperm, are larger and possess more
sophisticated sensory systems and motility appendages,
enabling them to use deterministic navigation strategies to
traverse external fields [7,34]. For instance, these cells can
adeptly sample chemical or light fields along their helical
trajectories, adjusting their motility appendages based on

sensory inputs to directly maneuver toward or away from
stimuli [7–9,11,12,14,16,22].
In addition to deterministic behaviors, eukaryotic

microorganisms also exhibit stochastic motion [9,46–49].
However, studies on eukaryotic stochastic motion remain
limited, and it is unclear whether eukaryotic microorgan-
isms can modulate their stochastic motion for navigation,
as prokaryotic organisms do. To address this question, we
examine the behavior of the photosensitive alga Euglena
gracilis in a quasi-two-dimensional environment. Under
uniform lighting, our experiments reveal “run-and-tumble”
behavior, with run lengths exhibiting a long-tail distribu-
tion, indicative of a Lévy walk [38,50–63]. Upon exposure
to a gradient light field, the cells adjust their run length in
response to detected changes in light intensity, thereby
biasing the Lévy walk to facilitate movement up the spatial
gradient. Experimental findings are consistently replicated
within an agent-based model with experimentally deter-
mined parameters. Our work suggests that modulating
stochastic motion may represent a widespread navigational
strategy employed by eukaryotic microorganisms.
Experiments—E. gracilis are single-celled, flagellated

microorganisms characterized by their rod-shaped bodies,
measuring approximately 50 μm in length and 5 μm in
width. Propulsion and navigation are facilitated by a single
flagellum, beating at frequencies ranging from 20 to 40 Hz
[17,23,64]. Typically, E. gracilis swim directionally along
their long axis at average speed of 70 μm=s, with a rotational
motion around this axis occurring at a frequency of 1 Hz
[20,65,66]. The presence of a photoreceptor enables
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E. gracilis to perceive ambient light, thus modulating
flagellar beating patterns to elicit various photo-responsive
movements [14,17,64,67–72].
In our experiment setup, E. gracilismove in a quasi-two-

dimensional chamber [17,20] measuring 40mm×40mm×
150 μm, as depicted in Fig. 1(a). Cell motion is modulated
by a pattern of blue light projected into the chamber, while
uniform infrared illumination minimizes disruption to cell
motility. A telecentric lens system offers an expansive field
of view of 40 × 40 mm and a depth of field extending to
2 mm, coupled with a 16.8-megapixel camera for high-
resolution capture of individual cells across the sample
volume. Close-up images in the inset of Fig. 1(a) highlight
the system’s capability to capture detailed cellular motion,
facilitating precise tracking of cell movements within the
sample chamber over a wide dynamic range across spatial
scales (10 μm to 40mm) and temporal domains (1=10 to 10
000 s). Our experiments are conducted with low light
intensities and small spatial gradients and cells do not exhibit
phototaxis [14], photoshock behaviors [73], or polygonal
and spin motilities [17] (Sec. I(G) in Supplemental Material
(SM) [74]).
Lévy statistics in uniform light field—Our study begins

by examining the motion of E. graciliswithin uniform light
fields for 25 min. Illustrated by Fig. 1(b) and detailed in
Movie S1, cells exhibit two distinct phases: “runs,” where
cells move in a near-ballistic manner, and “tumbles,” where
they spin before selecting a new direction. This spontaneous
switching behavior parallels observations in bacteria [4] and
Chlamydomonas [47], where these phases were discerned
by analyzing time series of cell translation and rotation
speeds, as outlined in Sec. I(E) in SM.
We identify approximately 105 tumble events from

cell trajectories under each uniform light condition.
Subsequently, durations for each “run” and “tumble” phase,

denoted as τR and τT , respectively, are quantified and used
to construct probability distribution functions (PDFs)
PRðτRÞ and PTðτTÞ. Unlike the exponential distributions
observed in Chlamydomonas [47], the run times in our
experiments follows the Lomax distribution [38,42,83],

PRðτR; IÞ ¼
1

t0ðIÞ
μðIÞ − 1

ð1þ τR=t0ðIÞÞμðIÞ
; ð1Þ

where t0ðIÞ is a characteristic time, μðIÞ is a scaling
exponent, and I stands for the light intensity in units
of W=m2. Fits of the Lomax distribution to PRðτRÞ are
shown in Figs. 2(a) and S12. For τR larger than a few
seconds [∼t0ðIÞ], the run-time distributions have a long tail

PRðτR; IÞ ∼ τ−μðIÞR ; μðIÞ∈ ð2; 3Þ, suggesting a Lévy walk
mechanism [38]. We use individual cell trajectories [56],
Akaike information criterion tests [52], and likelihood ratio
tests [84,85] to show that the long-tail behavior is robust
and arises from an inherent Lévy walk pattern (Sec. II(A)
in SM). As depicted in Fig. 2(b), the power-exponent
parameter μ decreases from 3 to 2 when the light intensity

(a) (b)

FIG. 1. (a) Schematic of the experimental setup with labeled
parts. Inset: dimensions of the sample chamber (not to scale) and
a segment from a raw experimental image, with three cells
highlighted by red circles. See Fig. S1 for images of the setup.
(b) Cell trajectory captured under low light condition, with
tumble events denoted by filled yellow dots. Insets schematically
show flagellum beating patterns at run and tumble states [17].

(a) (b)

(c)

(e)(d)

FIG. 2. Statistics of E. gracilis motion in uniform light fields.
(a) Probability density function (PDF) of run-time τR under three
light conditions. The yellow line represents the Lomax fitting
[Eq. (1)] to data obtained with I ¼ 0.63 W=m2, where μ ¼ 2.57.
Additional data and fittings are presented in Fig. S12. The inset
displays the PDF of tumbling time τT under three light conditions.
(b),(c) Lomax distribution exponent μ and the characteristic time t0
as a function of light intensity. Empirical fits with a hyperbolic
tangent function are represented by dash lines: μðIÞ ¼
0.5 tanh ð3.16ðI − 0.52ÞÞ þ 0.25, t0ðIÞ ¼ 0.6 tanh ð5.27ðI −
0.37ÞÞ þ 1.49, where I and t0 are expressed in units of W=m2

and s, respectively. (d)Mean square displacement under three light
conditions. The inset illustrates the intensity dependence of α
parameters. (e) Velocity autocorrelation function under three light
conditions. The inset demonstrates the intensity dependence of δ
parameters. In (d) and (e), predictions of the agent-basedmodel are
represented by solid lines.
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decreases. This indicates that cells execute more long runs
and tumble less frequently under dim light, as shown in
Fig. S3 and Movie S1. Meanwhile, t0ðIÞ in Fig. 2(c)
increases from 1 to 2 s when the light intensity increases.
The inset in Fig. 2(a) reveals that the PDF of tumble times
obeys an exponential distribution with a mean tumble time
τ̄T ∼ 1.8 s under all light conditions,

PTðτTÞ ¼
1

τ̄T
expð−τT=τ̄TÞ: ð2Þ

Furthermore, we characterize cell dynamics with mean
square displacement (MSD). As shown in Fig. 2(d), MSD
is ballistic (Δt2) for small lag times Δt under all light
conditions and shows different scaling for large lag times,
Δtα. The inset of Fig. 2(d) shows that cell motion is
diffusive under strong blue light: α ≈ 1 for I ¼ 2 W=m2,
and superdiffusive under other conditions. Summing the μ
parameter from the run-time distribution with α, we find
αþ μ ≈ 4 for all light conditions, consistent with the
prediction of the Lévy walks theory [38]. We also check
the individual cell’s MSD and relation between α and μ to
show that under a light intensity of 0.4 W=m2 single alga
exhibit superdiffusion and αþ μ ≈ 4 holds [Figs. S10(a),
(b) and Sec. II in SM). Additionally, we compute velocity
autocorrelation as CðΔtÞ≡ hvðtÞ · vðtþ ΔtÞi=hv · vi. As
shown in Fig. 2(e), correlation function CðΔtÞ decays as
Δt−δ for large Δt. The exponent δ is approximately related
to α from MSD measurements as δ ≈ 2 − α [38].
Biased Lévy walk in gradient light fields—We begin by

observing cell motion in a light field with intensity linearly
increasing across the space. Figure 3(a) shows a typical cell
trajectory in such a field, spanning 1700 s and consisting of
run and tumble phases. To analyze the impact of the light
gradient, we compute the angle (ϕ) between each run’s
displacement and the light gradient direction, as shown in
the inset of Fig. 3(a). We sort all runs according to the ϕ
values and compute the mean run-time τ̄RðϕÞ for all runs in
the same direction ϕ. Figure 3(b) reveals an anisotropic
distribution and the mean run-time is approximately
30% longer (2 s) for ϕ∈ ð−π=4; π=4Þ compared to
ϕ∈ ð3π=4; 5π=4Þ. Similarly, we construct PDFs for run-
time τR and observe the same long-tail exponent μ in PDFs
for runs at different directions ϕ, as shown in Fig. 3(c). The
inset of this figure confirms that tumble times follow the
same exponential distribution seen in uniform fields.
Additionally, Fig. S20(a) illustrates that the cell’s mean
speed is independent of ϕ, signifying the absence of
photokinesis effects [14]. Figure 3(b) indicates that cells
extend their runs when moving along the gradient, thus
migrating from darker to brighter areas.
To further investigate stochastic navigation, we conduct

experiments with a population of cells under both one-
dimensional [Fig. 4(a)] and radial [Fig. 4(b)] blue-light
gradient patterns, where light intensity varies from 0.05 to

0.35 or 0.45 W=m2 along the horizontal (a) and radial
(b) directions, respectively. Prior to the experiments, we
allow the sample chamber to acclimate in the dark
environment for several minutes, ensuring a uniform
distribution of cells. Once the light pattern is activated,
as depicted in Movies S2 and S3, cells migrate toward the
brighter regions and attain a stable distribution within
approximately 20 min. The stable distributions are shown
in Figs. 4(a) and 4(b).
Agent-based model—We consider noninteracting point-

like particles navigating in two dimensions, alternating
between persistent runs and finite-duration tumbles. During
the run phase, each particle self-propels at a constant speed
v, moving in a direction defined by an angle θi according to
the equation

ṙi ¼ veðθiÞ; ð3Þ

(a)

(b) (c)

FIG. 3. Cell motion in a gradient light field. (a) Trajectory of
an E. gracilis cell, with tumble events marked by green dots.
The light intensity changes linearly from 0.05 W=m2 (left) to
0.45 W=m2 (right). The angle between the displacement of each
run and the light gradient direction is denoted as ϕ in inset.
(b) Dependence of the mean run-time, τ̄RðϕÞ, on the direction
angle ϕ. Shading represents the 95% confidence intervals. Mean
run-times for distinct angular regions are as follows: 8.5 s for up-
gradient runs, 6.8 s for down-gradient runs, and 7.9 s for other
angles. The event counts for the run-time statistics are approx-
imately 6 × 103 for each of the up and down gradients. (c) Dis-
tributions of run-times for different motion directions, ϕ. The
inset shows the distribution of tumble times.

PHYSICAL REVIEW LETTERS 134, 108301 (2025)

108301-3



where eðθÞ ¼ ðcos θ; sin θÞ is a unit vector in the direction
of motion and v is set to the mean speed observed in the
experiments (Fig. S5). The direction of motion θi changes
during tumbles, when particles temporarily stop and
randomly select a new θi from a uniform distribution on
ð0; 2πÞ for the next run (Fig. S18).
To complete the model, we need to prescribe the PDFs of

the run and tumble times. For uniform fields, experimentally
measured distributions, PRðτRÞ in Eq. (1) and PTðτTÞ in
Eq. (2), can be used directly with parameters μ ¼ μðIÞ and
t0 ¼ t0ðIÞ described by tanh functions [Figs. 2(b) and 2(c)].
With these experimentally determined parameters, our
model successfully reproduced the measured MSDs
[Fig. 2(d)] and velocity correlation functions [Fig. 2(e)].
In gradient fields, Fig. 3(b) shows that the mean running

timevarieswith the directionof cellmovementwith respect to
the gradient. To incorporate this effect, we generalizePRðτRÞ
in Eq. (1) for a gradient field by assuming that cells measure
the time derivative of light intensity along their trajectories in
static light patterns: İðriðtÞÞ ≈ veðθiÞ ·∇I and increase or
decrease run-time if İðriðtÞÞ is positive or negative, respec-
tively [2,3]. Given that the μ parameter in Eq. (1) does not
depend on run direction [Fig. 3(c)], we replace the character-
istic time t0ðIÞ with t00ðI;∇I; θiÞ as follows [3]:

t00ðI;∇I; θiÞ ¼ t0ðIÞ
�
1þ χ tanhðζveðθiÞ · ∇I=IÞ

�
; ð4Þ

where ζ controls the timescale of the sensed changes in light
intensity, and χ is the sensitivity parameter. The full

expression for the PDF of run-time τR is provided in
Eq. (S6).
The agent-based model has two free parameters, ζ and χ

in Eq. (4). To determine ζ and χ, we conduct simulations
emulating the experimental conditions depicted in Fig. 4(a),
employing the 1D Gaussian light pattern. Through an
iterative process, we find that χ ¼ 0.44 and ζ ¼ 150 s
yield the closest agreement between the model’s predic-
tions of cell density evolution and the experimental data
[Figs. 4(c) and S22(a)]. With the determined ζ and χ
parameters, we simulate the model in both radial [Fig. 4(b)]
and linear [Fig. 3(a)] fields. The simulations accurately
replicate the observed cell density dynamics in the radial
field [Figs. 4(d) and S22(b)], without requiring any addi-
tional free parameters. Furthermore, Fig. S23 confirms
that the model faithfully reproduces both the probability
density function (PDF) of run-times and the angular
distribution of mean run-times as observed in the linear
gradient experiments.
Discussion—Through experiments [86] and biochemical

calculations [87], researchers have determined the light
detection threshold of E. gracilis to be approximately
0.05 W=m2. Our experimental results support this estima-
tion. As shown in Figs. 2(b) and 2(c), parameters (μ, t0) in
PRðτRÞ display consistent values at two lowest light
intensities (0.01 and 0.1 W=m2) before rising sharply with
increasing light intensity. This pattern indicates that these
two lowest intensities are either below or near the detection
threshold. The observation that E. gracilis exhibits Lévy
walk behavior in dark environments with minimal detect-
able light suggests that the long-tailed distribution of run-
times is not dependent on external stimuli and may instead
arise from spontaneous fluctuations in cyclic adenosine
monophosphate concentration, which is believed to regu-
late flagellar activity within the cellular signaling pathway
[14,63,88,89].
MSDs in Fig. 2(d) show that long-time cell motion

shifts from ballistic to diffusive regimes as the ambient
light intensity increases. This shift in movement patterns
from superdiffusion to diffusion occurs in response to
varying resource availability (light, in this case). In
environments where resources are sparse or patchily
distributed, Lévy walks enable organisms to explore large
areas quickly without frequently revisiting the same
locations, thereby increasing the likelihood of encounter-
ing resources [51,55]. The long-tailed distribution of run-
times also affects cellular transport in a flow [42,90] or
near surfaces [44].
Tactic behavior has traditionally been modeled by

continuum equations, with the Keller-Segel models serving
as a notable example [91–95]. This motivates us to
establish a connection between our agent-based model
with continuum equations. As detailed in Sec. IV in SM, we
derive a 1D fractional Keller-Segel equation [96–100] from
the agent-based model.

FIG. 4. Experimental and model results of cell distribution in
gradient fields. (a) Steady-state cell distribution in a 1D Gaussian
light field. (b) Steady-state cell distribution in a radial Gaussian
light field. (c) Cell distributions at 200 s and 1500 s for 1D
Gaussian pattern. (d) Cell distributions at 100 s and 2400 s for
radial Gaussian field. Experimental data and agent-based model
prediction in (c),(d) are shown by plus signs and circles,
respectively. Light intensity profiles are shown in the insets of
(a) and (b).
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Our experimental and computational modeling results
provide compelling evidence for the biased random walk
strategy employed by E. gracilis. This strategy may also be
applicable to other eukaryotic microorganisms in which
stochastic transitions between motion states have been
observed [9,46–49]. In conjunction with prior research
[30,34], our findings suggest that the biased random walk
could be a widespread stochastic navigation strategy across
both prokaryotic and eukaryotic microorganisms, despite
their differences in sensory and motility systems. The
strategy’s versatility is further evidenced by its ability to
guide run and tumble particles following either diffusive or
Lévy statistics. These advantageous features also under-
score its potential for developing control mechanisms in
biomimetic artificial microswimmers.
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