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Abstract

One indication of the relevance of stochastic laws in biology is the fact that
genetically similar cells can behave in very different ways. This suggests
an analogy with statistical physics, in which stochastic laws govern the be-
havior of large ensembles of particles. Biological randomness has important
theoretical and practical consequences in medicine and may be responsible
for the resistance of pathogens or cancer to drug treatment. Modeling bio-
logical randomness is now a major field in theoretical biology and has been
approached with methods adapted from physics. Like in physics, biological
systems are governed by hierarchical processes involving variables with dif-
ferent timescales. Contrary to most physical processes, biological systems
can exhibit inversions in the relationship between timescale and hierarchi-
cal rank. As a consequence, microscopic fluctuations can be transmitted to
and even amplified by the phenotype. Because of these peculiarities, new
approaches are needed for the study of biological randomness.

1. Introduction. Randomness in physics and biology

Randomness, as opposed to determinism, means that the result of an
experiment is not unique, but belongs to a set of different outcomes. The
outcomes are not necessarily equivalent and one can define a distribution as-
sociating a probability to each outcome. Randomness does not imply absence
of laws. On the contrary, mathematical models can compute probability dis-
tributions and make statistical predictions. Randomness does not exclude
causality, that can be assessed by conditional probabilities. Randomness
and statistical laws are well established concepts in physics, economics and
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social sciences. They prevail also in biology, though in a subtly different way.
In this essay we compare random phenomena in physics and biology.

1.1. Randomness in Physics: Statistical Physics vs. Quantum Mechanics

The idea that matter is built from constituent parts (atoms) dates from
antiquity (Leucippus, Democritus, Epicurus). Reconciling the atomistic hy-
pothesis with the macroscopic bulk properties had been a challenge that was
settled by the kinetic theory of gases, owing to the contributions of Clausius,
Boltzmann, Maxwell, Gibbs and Einstein, among others. The atoms in this
theory obeyed the laws of Newtonian mechanics. If we knew the exact posi-
tions and velocities of all the atoms in a container, we could calculate exactly
both the future and past behaviors of the system. Given that a macroscopic
quantity of gas contains on the order of 1023 atoms, it is practically impos-
sible to exactly calculate the dynamics of such a system. From a practical
point of view, the motions of the individual atoms are random. This type
of randomness is called apparent and it stems from our imperfect knowledge
of the system [1]. However, an approximation was found by averaging over
the random microscopic motion of the constituent particles. The Central
Limit Theorem (CLT) ensured that for a sufficiently large ensemble of parti-
cles, exact knowledge of the microscopic details of the particles’ motion was
unnecessary.

By contrast, the development of Quantum Mechanics in the first half of
the 20th century, brought about a different kind of randomness in Physics:
intrinsic. For a quantum system, even having exact knowledge about the
initial state only allows us to predict the dynamics in terms of probabilities.
The philosophical consequences of this intrinsic randomness are still subject
to debate, but as a physical theory, quantum mechanics is well established
and completely agrees with the experimental evidence.

1.2. Variation and stochastic fluctuations in biology

Variation is fundamental in biology. Darwin describes his theory as ”de-
scent with modification”, suggesting that organisms are submitted to varia-
tions and that these variations are transmitted to offspring. This heritable
variation has been related to changes of the DNA sequence, generically named
mutations. Mutations are subject to the effect of natural selection that keeps
or eliminates them according to their effect on reproductive success (fitness)
in a given environment. An essential feature of Darwin’s thinking is that
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mutations do not have a purpose, but rather randomly exhaust all the pos-
sibilities.

Although genetic variability is well accepted in biology, the idea that vari-
ability and random changes can occur somewhere else than in genes was only
recently accepted. In fact, genes do not lead immediately and uncondition-
ally to protein production. The protein synthesis is a multi-step process, in
which all of the steps are dependent on the presence or absence of regulatory
proteins (activators or repressors) [9]. Furthermore, regulatory proteins can
access the genes only if DNA chromatin unfolds which, similarly to polymer
dynamics in statistical physics, depends on multiple stochastic events [4].
These changes, called “epigenetic” to distinguish them from mutations con-
sisting in the modification of the DNA, are triggered by a small number of
molecules or supramolecular complexes which are submitted to “atomistic”
randomness of their individual motion. It was thus experimentally shown
that, at the scale of the individual cell, protein production is intermittent,
combining quick and slow random steps [13, 3, 15]. The randomness of the
protein levels leads to random choice of the phenotype and interaction among
genes can render this choice bi- or multi-modal. For instance, the compound
eye of the fruit fly is made of multiple units named ommatidia; during de-
velopment independent random choices are made by photoreceptor cells of
ommatidia to become one of two possible cell types [10]. Stem cells, undiffer-
entiated cells capable of generating part or all the cell types of a multicellular
organism, are also able to take random bimodal decisions [18].

2. Why is randomness in biology different from physics?

2.1. Fluctuations in biology result from small numbers

Biological systems are complex systems with numerous actors and in-
ternal degrees of freedom. Like atoms in a statistical physics system, the
ensemble is submitted to random internal interaction and behaves stochasti-
cally. In physics, the central limit theorem CLT guarantees that microscopic
fluctuations are averaged out and have limited impact at the macroscopic
level. The applicability of similar ideas to biology was first questioned by E.
Schrödinger, who noticed that biology deals essentially with small numbers N
of particles [17]. Direct application of CLT implies that relative noise scales
with N−1/2, which means that fluctuations are relatively larger at smaller N .
As a matter of fact, biology needs error-correction systems to decrease noise
to the N−1/2 limit and below [6]. For biological systems, N is in the range
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1-10,000, much smaller than for physical systems, where N is on the order of
1023. In the absence of error-correction, fluctuations show up at many scales
and exceed the CLT law. This property can have profound consequences:
the defect of expression of a single or of a few genes can dramatically change
the phenotype and the uncorrected effect of mutations can lead to diseases
such as cancer.

2.2. Heterogeneity of biological systems and failure of limit theorems

In physics, a general theory called ”hydrodynamic fluctuations” was pro-
posed for explaining macroscopic fluctuations of classical and quantum me-
chanical systems, in a way independent of the microscopic details of the
system [5]. Recently, the hydrodynamic theory was successfully extended to
define the behavior of “active matter” used as a paradigm for many biological
systems: bird flocks, fish schools, bacterial films, muscle filaments, etc. A
characteristic of active matter is the consumption and dissipation of energy
at all times. This fundamental fact leads to intriguing properties such as the
possibility of giant macroscopic fluctuations [11].

However, the applicability of hydrodynamic theory requires a certain
amount of homogeneity in the system. There are numerous examples in
biology where this is not possible, the best example being the heterogeneity
of cancer. Tumor cell populations are strongly heterogeneous, meaning that
cells are distributed among genetically and/or epigenetically different states
[12]. Under application of drugs the dynamic equilibrium is broken and cells
in resistant, previously less competitive states can develop, which explains
why heterogeneity leads to drug resistance. The same principle explains the
development of resistance to antibiotics in bacteria populations.

One explanation for the strong heterogeneity of these biological systems
is what we call the “inverted hierarchy of timescales”: in biology, contrary to
physics, the microscopic fluctuations are at least as slow as the macroscopic
ones [14]. Indeed, atoms or molecules of non-biological matter have simple
shapes and fast dynamics, whereas in biology sophisticated molecular ma-
chines work slowly at molecular level. Protein synthesis has several stages,
some of them being very slow [16]. The fluctuations generated by the slow
molecular processes are not averaged out and generate wide distributions of
cell states. These microscopic distributions have their own slow dynamics
that impact the macroscopic dynamics of a tissue, organ or organism.
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3. Conclusion

Given the failure of traditional physics approaches to explain all the as-
pects of biological randomness, a new synthesis is needed to bring these
phenomena together. The new theory must take into account the impos-
sibility of separating the organization scales, the wide distribution of cell
properties and the slow dynamics of these distributions. A number of multi-
scale mathematical models exist already, based on coupling spatio-temporal
and structural dynamics. In these models, cells are distributed in space, but
also in a “structure” space of intrinsic properties [7]. Alternatively, hybrid
stochastic models use discrete stochastic modeling at the scale of molecular
slow processes and deterministic continuous modeling at phenotype (macro-
scopic) level [8]. These models are effective in capturing properties of spe-
cific systems, but are still unable to reveal universal laws such as those of
statistical physics. It may be that in biological systems particularities are
more determinant than in physics, and therefore less amenable to a general
model. However, physicists’ definition and understanding of life is contin-
uously evolving and the last 20 years have brought new theories such as
hydrodynamics of active matter, theory of stochastic biochemical networks,
various types of multiscale modeling. Our understanding of biological het-
erogeneity and drug resistance is improving, and hopefully will soon find
application in targeted and personalized therapies.
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