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Random walks are common in nature and are at the basis of many different phenomena that span
from neutrons and light scattering to the behaviour of animals. Despite the evident differences among
all these phenomena, theory predicts that they all share a common fascinating feature known as
Invariance Property (IP). In a nutshell, IP means that the mean length of the total path of a random
walker inside a closed domain is fixed by the geometry and size of the medium. Such a property has
been demonstrated to hold not only in optics, but recently also in the field of biology, by studying the
movement of bacteria. However, the range of validity of such a universal property, strictly linked to
the fulfilment of equilibrium conditions and to the statistical distributions of the steps of the random
walkers, is not trivial and needs to be studied in different contexts, such as in the case of biological
entities occupied in random foraging in an open environment. Hence, in this paper the IP in a virtual
medium inside an open environment has been studied by using actual movements of animals recorded
in nature. In particular, we analysed the behaviour of a grazer mollusc, the chiton Acanthopleura
granulata. The results depart from those predicted by the IP when the dimension of the medium
increases. Such findings are framed in both the condition of nonequilibrium of the walkers, which is
typical of animals in nature, and the characteristics of actual animal movements.

Random walk is at the basis of many phenomena in nature that span from neutrons scattering' to light transport
in turbid media®!!, random lasers'>'?, photovoltaic devices'*"’” and photon propagation in atmosphere!'®1,
to animal behaviour?, such as insects migration?"?2. In addition, among the different kinds of random walk,
phenomena such as anomalous diffusion and Lévy walks have been also studied in light propagation®~** and in
harvesting strategies of animals**-?%. In biology, the movements of animals have always attracted the attention of
scholars through the centuries for their variability and unexpected features. Since movement is the first mecha-
nism used by animals to respond to environmental challenges and to find resources, a full comprehension of its
properties may help unveil many details of ecological dynamics®**. Molluscs can prove an interesting subject to
investigate the mechanisms and determinants of movement patterns, due to their slow motion, the limited spatial
extent of displacement, and their reduced behavioural repertoire*-*2. In particular, recent investigations have
revealed interesting fractal properties of molluscan movement patterns. The displacement of several different
species, from mussels to gastropods, have been analysed as being described by Weierstrassian Lévy walks, one of
the simplest random walks that do not satisfy the central limit theorem?. Recent investigation on the movement
of bacteria, for example, showed that in the absence of external flow and concentration gradients the movement
paths are influenced by the level of confinement and geometrical complexity**.

Despite their completely different origin and nature, all these phenomena, under the conditions of homo-
geneous entrance of the walkers and without any preferred input direction, share an outstanding property: the
mean path length (L) followed by a random walker in a delimited region of a broader environment is fixed by
the geometry and size of the region, whatever the nature and complexity of the paths followed by the random
walkers**-%. In a two dimensional medium the following very simple formula holds:

IDipartimento di Fisica e Astronomia, Universita di Firenze, Via Giovanni Sansone 1, 50019 Sesto Fiorentino,
Italy. 2Istituto dei Sistemi Complessi, Consiglio Nazionale delle Ricerche, Via Madonna del Piano 10, 50019 Sesto
Fiorentino, Italy. *Dipartimento di Biologia, Universita di Firenze, Via Madonna del Piano 6, 50019 Sesto Fiorentino,
Italy. “email: federico.tommasi@unifi.it

Scientific Reports|  (2022) 12:19800 | https://doi.org/10.1038/s41598-022-24361-9 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-24361-9&domain=pdf

www.nature.com/scientificreports/

Figure 1. Schematic representation of the virtual medium. R, = d + R is the radius of the boundary source of
animals. Two real trajectories (in pink and blue colours) are reported as example.
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where S and P are the surface and the perimeter, respectively. It is worth to stress that such simple formula holds
for any shape. This result has been also extended, in the field of photonics, to inhomogeneous media with non-
uniform scattering and mismatch of refractive indexes"*-*’ and also generalized to demonstrate an equivalent
invariance relation for the scattering of waves in resonant structures or even in Anderson localized systems®"*.
This counterintuitive result, named also Invariance Property (IP) of Scattering, can be thought of as an extension
of the mean chord theorem first introduced a century ago by Dirac*®. Experimentally, such property has been
confirmed in optics* and, in connection with the presented work, in the biological context*, where bacteria
randomly move within different disordered structures of different complexity. The hypothesis used for Eq. (1) is
the constancy of the specific intensity of walkers, i.e., of the number of walkers that flow through unitary length
perpendicular to a direction within the unit angle, at the boundary and inside the medium. The specific intensity
and the walkers’ density are related, in particular, if one quantity is constant, so is the other, see, for instance, in
the field of light transport refs.***#1. This condition is assured by the requirement of statistical equilibrium, whose
meaning is that the quantities, characterizing the transport phenomenon, are constant. For animal walkers, the
condition is verified in an enclosed environment where the animals are expected, after a transient time, to be
randomized and characterized by a constant density.

Great theoretical effort has been done on various aspects and implications of the IP. On the contrary, the
experimental studies are few and very recent. In the field of photonics, the first experimental evidence has been
reported in diffusive media®, whereas the generalization of IP has been recently investigated in contexts where
the wave nature of light plays a fundamental role**. Another experimental result, in a completely different context
and near to the content of this paper, has been reported by Frangipane et al. where the relation (1) is tested for
the movements of Escherichia coli bacteria*®. Here we present a study that, using actual movements of animals
registered in nature, analyses the mean path length (L), within a virtual medium where animals are introduced
in an open environment without artificial enclosure. This open system-approach is not a priori in a condition
of statistical equilibrium of the walker inside the medium, and indeed the out-of-equilibrium condition is the
norm in the case of the animal behaviour in nature. The aim of this paper is to test the condition of validity of
the invariance property in an open environment and its dependence on the extension of the analysed region and
on the distribution of steps of the walkers.

Results

We used the foraging trajectories of the chiton Acanthopleura granulata (Mollusca, Polyplacophora), a rocky-
shore algal grazer that feeds on epilithic and endolithic microalgae?’. The foraging behaviour of this species is
described as ranging pattern, which means that its foraging excursions are randomly oriented and the animals do
not home to a fixed starting point. The animal paths were recorded in an open field, following the methodology
described in the Method section. The virtual medium considered for the analysis is schematically reported in
Fig. 1. The open system consists in a circle that is the source of animals at distance d from an inner circle of radius
R which is the domain under study. Any point of the external circle, of radius R, = R + d, is a source of animals,
with the path, starting in the point, obtained by a rigid translation of any registered path. In Fig. 1, for the sake
of clarity, is reported a single point source that will be replied throughout the entire circle. The total length L is
measured for all paths in the inner circle of radius R. We then performed the calculation of (L) for several values
of radius R and distance d (details of the calculation are given in the “Methods” section). The results, reported
in Fig. 2, show that (L) grows following the IP law ((L);p = & %) for small R values while it deviates from it for
large R. The dependence on d is weak. We would like to stress here that the calculation of (L) does not involve any
modelization of the distribution of path steps of the animal movements because we use directly the registered
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Figure 2. Average path length of the animals inside the inner circle of radius R. In the legend the values of the
distance d from the external source circle. The mean free path £ pp is about 50 mm.

paths. This procedure is unaffected by the unavoidable arbitrariness of performing a fit to extract the path step
distribution p(£) from data. In this text the symbol L indicates the length of a total path of the random walker
inside the medium, whereas £ is the one of a single “step” along the path. An independent analysis of the paths
with the methodology described in*® has been done to extract the characteristic mean free path £p of the
animals trajectories. The resulting value of £pp > 50 mm can be assumed as a scale factor for the size R of the
region under study. For R < £rp, the results show that (L) is very close to (L) p (as expected for a quasi-ballistic
case and the mean chord theorem also described by Dirac in nuclear physics*®) while, for R > €ypp, (L) is clearly
smaller than (L) p. One of the hypotheses for the validity of the invariance law is that the entrance of the walkers
into the region under study must be of the Lambertian type, i.e., the amplitude of the entrance angle probability
of walkers across the boundary must have a cosine dependence. Actually we introduced, on the external circle,
the measured animal paths that result to be nearly independent of the entrance angle. Nevertheless, the effect
of such input is nearly lost for d > €jrp when the input profile in the domain is nearly Lambertian, as tested by
dedicated analysis of the animal paths (see Fig. 1 in the supplemental materials). The discrepancy of the (L) values
with respect to the IP shown in Fig. 2 is then not due to a non-Lambertian input. This point will be clarified in
the following. As a further characterization, in Fig. 3 is reported the density of trajectories of the studied system.

The link between validity of IP and constancy of the trajectories density emerges from the data. The trajec-
tories density is variable inside the domain showing that our open system with natural animal paths does not
present a constant value of this quantity, while the constancy of the characteristics quantities of the walkers
movement is indeed required for the validity of the IP.

It is known that, in case of Lambertian input on the external boundary, if synthetic walkers have an exponen-
tial (also known as Lambert-Beer) path step distribution (see supplemental material for a detailed description),
then the walker density inside the domain is constant for any geometry and inhomogeneities of the domain*
and then Eq. (1) is rigorously valid. Such a characteristic has been recently proposed as a powerful and robust
method to check the accuracy of a Monte Carlo computation®.

It is interesting now to test (L) in a simulation where we replace the actual animal trajectories with synthetic
walkers following an exponential path step distribution, with the same £yrp = 50 mm and maintaining the
same isotropic input characteristics of the actual system (Fig. 1). The angles of the turning point is drawn from
a uniform distribution between 0 and 27, since the angular distribution does not affect the validity of the IP*+,
The results of Fig. 4a show that the IP is substantially valid whend = R, — R > £pp. In fact in such region (L)
differs by less than 0.23% from (L) p. These results can be assumed as an evaluation of the effect on (L) of a non-
pure Lambertian entrance of the walkers, confirming that such an effect is very small. The results give us also
an important indication for the understanding of the topic under investigation: the distribution of path steps
of the animals play a critical role in the validity of Eq. (1). Even if simulated in an open system, an exponential
step distribution ensures, with a good approximation, if d > £rp, the validity of the IP. Moreover, it is worth
to stress that we performed simulations, reported in the supplemental material, with walkers following various
path step distributions in our open system: the exponential is the only one that guarantees the fulfilment of the
IP. The strict link between the validity of the IP and the constancy of the density of the walkers trajectories is
confirmed in the result reported in Fig. 4, where the density of walker trajectories is in fact constant within 1.2%
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Figure 3. Trajectories density, inside the external source circle for R,=200 mm, versus the radius r normalized

atr = R,.
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Figure 4. The simulations have been carried out by using an exponential path step distribution, a mean free
path of 50 mm and R,=200 mm. (a) Average path length of the synthetic walkers inside the inner circle of radius
R normalized to the IP value. (b) Trajectories density for synthetic walkers: the values are reported versus the
radius r and normalized atr = R,.

for (R, — r) > £ppp. The simulated results of Fig. 4a,b, compared to those of Figs. 2 and 3, suggest that the path
step distribution of mollusks deviates from the exponential path step distribution.

Finally, it is interesting here to compare our results to those of Frangipane et al., where the movement patterns
of the bacterium Escherichia coli satisfied the IP*. The actual reasons for such a difference are yet to be under-
stood, and go beyond the aims of this paper. Beyond the obvious differences in the complexity of the studied
organisms, one possible explanation is to be seen in the difference in the studied environment: the open system in
our study is in contrast to the enclosed basin in their study, where a statistical equilibrium is likely to be present.
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Discussion

Using actual movements of animals registered in nature, we have analysed the mean path length (L) within a
virtual medium in an open environment. Such an investigation has brought, for the first time to our knowledge,
into focus the validity of the IP involving complex entities that perform random walks in an open environment.

In our study, based on chilton Acanthopleure granulate movements, the total mean path inside the medium
(L) departs from the value (L) p predicted by the invariance property when the radius of the analysed dominium
becomes larger than €rp, i.e., the mean free path between two consecutive decisive changes in direction. We
ascribe the results to the condition of non equilibrium of the walkers that is reflected in the non constancy of
the density of trajectory of the walker: when such quantity is not constant the IP condition is not respected.
Moreover, the characteristics of the studied animals, characterized by a certain level of complexity and able to
perform random walks during the foraging behavior, can play also a role in the non validity of the IP. In fact,
a synthetic simulation of the walkers, made with an exponential path distribution, is, even in an open system,
basically in agreement with the IP.

Our observation can give alternative information on the characteristics of animal behaviour in natural open
systems with respect to step distribution and density. Finally, we observed deviation from the IP in an open
environment, and although we cannot fully exclude that other species might display the IP, we expect it to be
unlikely. However, further studies on other species and other habitats are needed to fully clarify whether this
result is generalizable. Moreover, since it is conceptually relevant to demonstrate the eventual presence of IP
in biological motion we present here a clear methodology, which may allow movement ecologists to test this
hypothesis of invariance.

Methods

Foraging excursions were recorded at Maycocks Bay (Barbados, West Indies) in August 1985. Chitons were
equipped with a light-emitting-diode (LED) powered by a 1.5 V battery encased in dental acrylic at stuck on
the second shell plate. Each chiton was also tagged with a numbered plastic label. Reference LEDs were posi-
tioned to facilitate path digitization. During nocturnal low tides the movements of animals were continuously
recorded by a Robot Star 50 camera placed on the overhanging rocky cliff and triggered by a timer as described
in Chelazzi et al.*. The method allowed to obtain the continuous recording of animal movements, without any
error or uncertainty in the location of the animal at a given time. The continuous trajectories were then redrawn
on paper and digitized, taking care of reporting all the visible changes of position. It is worth to note that the
paths registered have been used for the results presented in this paper without any assumptions or arbitrariness
in the conversion of animal path in steps. To determine the characteristic mean free path £rp, the acquired
trajectories were discretized following the approach proposed by Humphries et al. et al.*®. With this method the
movement patterns are first projected onto the x- and y-axes to create two one-dimensional movement patterns
for each individual. Turns in these projections can then be identified in an unambiguous way as occurring where
the direction of travel changes.

During the observation campaign, a total of 113 trajectories have been recorded. In order to obtain a statistical
significance of the calculated quantities a virtual environment is constructed as follows: the area of interest is a
circle of radius R. The point coordinates of each trajectory are translated in order to obtain a common starting
point, situated at a distance R, from the centre of the area of interest. This is equivalent, for our circular symmetry,
to a random starting point along a circle of radius R.. Each trajectory is then rotated around its starting point by a
random angle, and this new path is utilized to calculate the length of the path within the circle of interest. When
a trajectory exits from the circle and then re-enters, it is counted as a new trajectory. To calculate the trajectories
density, the circular area is divided into annular concentric regions of equal area and the path travelled in each
of these regions is registered for every animal trajectory. The procedure is repeated a number of times of the
order of 10®. About the evaluation of the uncertainty, we decided, for the sake of clarity, to report them only in
Fig. 2, taking into account the actual number of the different trajectories. The same geometry has been used for
the simulation with séynthetic walkers. In the results reported in the main text, the number of simulated walkers
have been at least 10°. All methods were carried out in accordance with relevant guidelines and regulations.

Data availibility
The datasets used and/or analysed during the current study can be made available by the corresponding author
on reasonable request.

Received: 10 January 2022; Accepted: 14 November 2022
Published online: 17 November 2022

References
1. Zoia, A., Dumonteil, E. & Mazzolo, A. Properties of branching exponential flights in bounded domains. EPL 100, 40002 (2012).
2. Wang, L., Jacques, S. L. & Zheng, L. MCML-Monte Carlo modeling of light transport in multi-layered tissues. Comput. Methods
Programs Biomed. 2, 131-46 (1995).
3. Wang, L. V. & Wu, H. Biomedical Optics, Principles and Imaging (Wiley, 2007).
4. Martelli, F, Del Bianco, S., Ismaelli, A. & Zaccanti, G. Light Propagation Through Biological Tissue and Other Diffusive Media:
Theory, Solutions, and Software (SPIE Press/Bellingham, 2009).
. Ripoll, . Principles of Diffuse Light Propagation (World Scientific, 2012).
6. Durduran, T., Choe, R., Baker, W. B. & Yodh, A. G. Diffuse optics for tissue monitoring and tomography. Rep. Prog. Phys. 73,
076701 (2010).
7. Contini, D., Martelli, F. & Zaccanti, G. Photon migration through a turbid slab described by a model based on diffusion approxi-
mation. I. Theory Appl. Opt. 36, 4587-4599 (1997).

w

Scientific Reports |

(2022) 12:19800 | https://doi.org/10.1038/s41598-022-24361-9 nature portfolio



www.nature.com/scientificreports/

10.
11.
12.
. Tommasi, F. et al. Statistical outliers in random laser emission. Phys. Rev. A 98, 053816 (2018).
14.
15.
16.
17.

18.

19.

28.

29.
30.

31.

32.

42.
43.
44,
45.

46.
47.

48.

49.

. Martelli, E, Contini, D., Taddeucci, A. & Zaccanti, G. Photon migration through a turbid slab described by a model based on

diffusion approximation. II. Comparison with Monte Carlo results. Appl. Opt. 36, 4600-4612 (1997).

. Di Ninni, P, Martelli, F. & Zaccanti, G. Intralipid: Towards a diffusive reference standard for optical tissue phantoms. Phys. Med.

Biol. 56(2), N21 (2011).

Spinelli, L. et al. Determination of reference values for optical properties of liquid phantoms based on intralipid and India ink.
Biomed. Opt. Exp. 5(7), 2037-2053 (2014).

Bigio, I. & Fantini, S. Quantitative Biomedical Optics: Theory, Methods, and Applications. Cambridge Texts in Biomedical Engineering
(Cambridge University Press, 2016).

Wiersma, D. S. The physics and applications of random lasers. Nat. Phys. 4, 359 (2008).

Bigourdan, E, Pierrat, R. & Carminati, R. Enhanced absorption of waves in stealth hyperuniform disordered media. Opt. Exp. 27,
8666-8682 (2019).

Pratesi, F, Burresi, M., Riboli, E, Vynck, K. & Wiersma, D. S. Disordered photonic structures for light harvesting in solar cells.
Opt. Exp. 21, A460-A468 (2013).

Mupparapu, R., Vynck, K., Svensson, T., Burresi, M. & Wiersma, D. S. Path length enhancement in disordered media for increased
absorption. Opt. Exp. 23, A1472-A1484 (2015).

Tommasi, E, Fini, L., Martelli, F. & Cavalieri, S. Invariance property in scattering media and absorption. Opt. Commun. 458, 124786
(2020).

Berk, A. et al. MODTRAN4 radiative transfer modeling for atmospheric correction. in Optical Spectroscopic Techniques and
Instrumentation for Atmospheric and Space Research III (Larar, A. M. ed.). Vol. 3756. 348-353. (International Society for Optics
and Photonics, SPIE, 1999).

Nardino, V. et al. McCART: Monte Carlo code for atmospheric radiative transfer. IEEE Trans. Geosci. Remote Sensing 46, 17401752
(2008).

. Codling, E. A, Plank, M. J. & Benhamou, S. Random walk models in biology. J. R. Soc. Interface 5813-5834 (2008).
. Musco, C., Su, H.-H. & Lynch, N. A. Ant-inspired density estimation via random walks. Proc. Natl. Acad. Sci. 114, 10534-10541

(2017).

. Kareiva, P. M. & Shigesada, N. Analyzing insect movement as a correlated random walk. Oecologia 56, 234-238 (1983).

. Barthelemy, P, Bertolotti, ]. & Wiersma, D. S. A Lévy flight for light. Nature 453, 459 (2008).

. Bertolotti, J., Vynck, K. & Wiersma, D. S. Multiple scattering of light in superdiffusive media. Phys. Rev. Lett. 105, 163902 (2010).
. Tommasi, E, Fini, L., Martelli, F. & Cavalieri, S. Superdiffusive random laser. Phys. Rev. A 99, 063836 (2019).

. Viswanathan, G. et al. Lévy flight search patterns of wandering albatrosses. Nature 381, 413-415 (1996).

. Tilles, P. E. C., Petrovskii, S. V. & Natti, P. L. A random walk description of individual animal movement accounting for periods of

rest. R. Soc. Open Sci. 3, 160566 (2016).

Wosniack, M. E,, Santos, M. C., Raposo, E. P,, Viswanathan, G. M. & da Luz, M. G. E. The evolutionary origins of Lévy walk forag-
ing. PLOS Comput. Biol. 13, 1-31 (2017).

Nathan, R. et al. A movement ecology paradigm for unifying organismal movement research. PNAS 105, 19052-19059 (2008).
Jeltsch, F. et al. Integrating movement ecology with biodiversity research—Exploring new avenues to address spatiotemporal
biodiversity dynamics. Mov. Ecol. 1, 6 (2013).

Santini, G., Ngan, A., Burrows, M. T., Chelazzi, G. & Williams, G. A. What drives foraging behaviour of the intertidal limpet cel-
lana grata? A quantitative test of a dynamic optimization model. Funct. Ecol. 28, 963-972 (2014).

Burrows, M. T., Santini, G. & Chelazzi, G. A state-dependent model of activity patterns in homing limpets: Balancing energy
returns and mortality risks under constraints on digestion. J. Anim. Ecol. 69, 290-300 (2000).

. Reynolds, A., Santini, G., Chelazzi, G. & Focardi, S. The Weierstrassian movement patterns of snails. R. Soc. Open Sci. 4, 160941

(2017).

. Tokérova, V. et al. Patterns of bacterial motility in microfluidics-confining environments. Proc. Natl. Acad. Sci. 118, 16 (2021).

. Bardsley, J. & Dubi, A. The average transport path length in scattering media. SIAM J. Appl. Math. 40, 71-77 (1981).

. Blanco, S. & Fournier, R. An invariance property of diffusive random walks. Europhys. Lett. 61, 168 (2003).

. Pierrat, R. et al. Invariance property of wave scattering through disordered media. PNAS 111, 17765-17770 (2014).

. Zoia, A., Larmier, C. & Mancusi, D. Cauchy formulas for linear transport in random media. EPL 127, 20006 (2019).

. Savo, R. et al. Observation of mean path length invariance in light-scattering media. Science 358, 765-768 (2017).

. Tommasi, E, Fini, L., Martelli, F. & Cavalieri, S. Invariance property in inhomogeneous scattering media with refractive-index

mismatch. Phys. Rev. A 102, 043501 (2020).

. Martelli, E et al. Invariance properties of exact solutions of the radiative transfer equation. J. Quant. Spectrosc. Radiat. Transf. 276,

107887 (2021).

Majic, M., Somerville, W. R. C. & Ru, E. L. Mean path length inside nonscattering refractive objects. Phys. Rev. A 103, L031502
(2021).

Martelli, E, Tommasi, E, Sassaroli, A., Fini, L. & Cavalieri, S. Verification method of Monte Carlo codes for transport processes
with arbitrary accuracy. Sci. Rep. 11, 19486 (2021).

Davy, M., Kithmayer, M., Gigan, S. & Rotter, S. Mean path length invariance in wave-scattering beyond the diffusive regime. Com-
mun. Phys. 4, 85 (2021).

Dirac, P.A.M. Approximate rate of neutron multiplication for a solid of arbitrary shape and uniform density. in British Report
MS-D-5 Part I (1943).

Frangipane, G. et al. Invariance properties of bacterial random walks in complex structures. Nat. Commun. 10, 2442 (2019).
Focardi, S. & Chelazzi, G. Ecological determinants of bioeconomics in three intertidal chitons (Acanthopleura spp.). J. Anim. Ecol.
59, 347-362 (1990).

Humphries, N. E., Weimerskirch, H. & Sims, D. W. A new approach for objective identification of turns and steps in organism
movement data relevant to random walk modelling. Methods Ecol. Evolut. 4,930-938 (2013).

Chelazzi, G., Innocenti, R. & Della Santina, P. Zonal migration and trail-following of an intertidal gastropod analyzed by led
tracking in the field. Mar. Behav. Physiol. 10, 121-136 (1983).

Acknowledgements
The authors wish to acknowledge support from Fondazione Cassa di Risparmio di Firenze, grants 2020.

Author contributions
Conceptualization: All authors. Animal tracking data: S.E,, G.S. Data analysis: All authors. Numerical simula-
tions: ET., L.E, S.C. Figures: ET., L.E, S.C. All authors wrote the original draft and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:19800 | https://doi.org/10.1038/s41598-022-24361-9 nature portfolio



www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24361-9.

Correspondence and requests for materials should be addressed to ET.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:19800 | https://doi.org/10.1038/s41598-022-24361-9 nature portfolio


https://doi.org/10.1038/s41598-022-24361-9
https://doi.org/10.1038/s41598-022-24361-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	On the mean path length invariance property for random walks of animals in open environment
	Results
	Discussion
	Methods
	References
	Acknowledgements


