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The Concept of Robustness

Robustness:

some property of a system remains the
same under perturbation

• always with respect to spcified behavior and range of
perturbations

• purely “behavioristic” definition, says nothing about structure

• maybe achieved in very different ways

• examples over multiple scales of organization



Robustness and Mechanistic Explanation

Mechanistic Explanation

• to understand a mechanism = to know
how behavior of the parts relates to
behavior of the whole

• focus typically on change transmitted by
causal relationships



Robustness and Mechanistic Explanation

“. . . one needs to know how the phenomenon is situated within the
causal structure of the world. That is, one needs to know how the
phenomenon changes under a variety of interventions into the
parts and how the parts change when one intervenes to change
the phenomenon. When one possesses explanations of this sort,
one is in a position to make predictions about how the system will
behave under a variety of conditions. Furthermore when one
possesses explanations of this sort, one knows how to intervene
into the mechanism in order to produce regular changes in the
phenomenon.”

(Craver, 2007)



Robustness and Mechanistic Explanation

Mechanical Systems

• manipulationist relevance = explanatory
relevance?

• makes sense if components are rigidly
connected

• “mechanical” robustness = components
insensitive to external changes



Robustness and Mechanistic Explanation



Robustness and Mechanistic Explanation

“When we consider the extreme instability of our bodily structure,
its readiness for disturbance by the slightest external forces and
the rapid onset of its decomposition as soon as favoring
circumstances are withdrawn, its persistence through many
decades seems almost miraculous.”

(Cannon, 1932)



Robustness and Mechanistic Explanation

Account for biological Robustness?

• explanatorily irrelevant?

• independent explanandum phenomenon?

• idea of robustness mechanisms



Robustness and Mechanistic Explanation



Robustness in Dynamical Systems
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Dynamical Systems

• is robustness achieved differently?

• non-linearity: small causes can lead to
large effects, but also the other way round



Robustness in Dynamical Systems
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Robustness in Dynamical Systems

Equilibrium Explanation
“Fisher’s account shows why the actual initial conditions and the
actual selective forces don’t matter; whatever the actual initial sex
ratio had been, the selection pressures that would have resulted
would have moved the population to its equilibrium state . . .
[E]quilibrium explanation shows how the event would have
occurred regardless of which of a variety of causal scenarios
actually transpired.”

(Sober, 1983)



Robustness in Dynamical Systems

Real Example 1: The EnvZ-OmpR System

its range. Furthermore, the inhibitor is degraded when bound to
themorphogen, but not when unbound. Together, these features
combine to form a shuttling mechanism, which creates a robust
gradient (Figure 3). The gradient is robust in the sense that its
precise shape is unchanged despite variation in the production
rates of all components of the system. Experimental tests of
the shuttling mechanism have been presented in fruit flies and
frogs (Eldar et al., 2002; Ben-Zvi et al., 2008; Haskel-Ittah
et al., 2012). An extension of the shuttling mechanism with two
bone morphogenetic protein (BMP) morphogen ligands with
feedback repression can add an additional feature known as
scaling: body proportions scale with the total organism size
(Ben-Zvi et al., 2008, 2011; Ben-Zvi and Barkai, 2010).
An additional case of paradoxical components in tissue

patterning may occur in notch-delta signaling. Delta has oppo-

Figure 2. Bifunctional Enzymes Can
Provide a Robust Input-Output
Relationship, in which Output Depends on
Input Signal, but Not on the Concentration
of Any of the Proteins in the Circuit
(A) A monofunctional model of a two-component
signaling system. Two separate enzymes, X and Z,
phosphorylate and dephosphorylate Y, respec-
tively. In this model, output levels (phosphorylated
Y, denoted Y-P) are sensitive to changes in X, Y,
and Z levels.
(B) Most bacterial two-component systems have a
bifunctional receptor—an autokinase and phos-
photransferase that phosphorylates Y, and also
acts as a phosphatase that dephosphorylates Y-
P. Output levels are insensitive to changes in X or Y
levels and depend only on kinetic rate constants.
(C) In the nitrogen assimilation system of E. coli,
a bifunctional enzyme, AT/AR, both adds and re-
moves adenylyl groups from the dodecameric
enzyme glutamine synthetase (GS). The active
form of GS is unadenylated, GS0. GS assimilates
NH3 to form glutamine, Q, whose carbon back-
bone is the TCA intermediate alpha-ketoglutarate,
K. In E. coli, the Q/K ratio is insensitive to large
changes in GS levels. Without the bifunctional
enzyme, the Q/K ratio is highly sensitive to GS
levels, rising steeply as GS increases. Robustness
is evident also in the bacterial growth rate, where
experiments show that removal of the bifunctional
enzyme or expression of a monofunctional en-
zyme mutant in the presence of the native system
abolishes the robustness of the growth rate to
changes in GS levels (Hart et al., 2011a).
(D) Bifunctionality can in principle also be attained
by two distinct antagonistic enzymes that are
activated only when jointly bound to a scaffold,
forming a bifunctional complex.

site effects on its target notch depending
onwhether the notch is in the same cell or
in a neighboring cell (Sprinzak et al.,
2010, 2011). This design helps make
sharp, short-range patterns possible.

Incoherent Feedforward Loops
Two opposing effects can also be carried
out by transcription regulators. This is
found in a very common network motif

called the incoherent feedforward loop (IFFL) type 1 (I1-FFL)
(Milo et al., 2002; Shen-Orr et al., 2002; Alon, 2007; Shoval
and Alon, 2010). The I1-FFL is a circuit in which a regulator, X,
activates gene Z and also activates Y, a repressor or inhibitor
of Z. Thus, X activates Z directly, but also inhibits it indirectly
through Y (Figures 4A and 4B). This differs from a feedback
loop, in which X affects its own activity (for example, a negative
feedback loop in which X activates Y, which in turn inhibits X).
For definitions of the other types of FFLs, see Mangan and
Alon (2003).
The IFFL appears hundreds of times in bacteria (Milo et al.,

2002; Eichenberger et al., 2004;Mangan et al., 2006) and in yeast
(Lee et al., 2002; Milo et al., 2002). In animal cells, the I1-FFL
is a major building block of circuits. For example, it appears
numerous times in the transcriptional networks of embryonic
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(Hart & Alon, 2013)



Robustness in Dynamical Systems

Real Example 2: The Segment Polarity Network:
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Partial differential equation
An equation that contains 
functions of many 
independent variables, 
and one or more of these 
functions’ partial derivatives 
with respect to that variable.

Chemotaxis
The movement of cells or 
organisms in response to 
chemical stimulation.

initiate this group behaviour27–30, Levine and colleagues 
sought to understand how a small, localized group of 
cells could communicate over a relatively vast distance 
to attract other cells which would eventually join their 
construction effort31. It is well known that D. discoideum 
cells secrete a diffusible chemical component, cyclic 
adenosine monophosphate (cAMP)32,33, and that the 
cells have membrane receptors for cAMP which, when 
stimulated, activate an internal regulatory network that 
both causes the cell to produce cAMP and inactivates the 
membrane receptor for a period of time34,35. At the same 
time, this triggers another mechanism inside the cell that 
induces the extension of pseudopodia used for chemotaxis 
up the concentration gradient of cAMP. Within a colony, 
this behaviour results in waves of cAMP that propagate 
in large spirals, and the cells in the colony begin to move in 
the direction of the wave source (FIG. 3b,c).

Levine and colleagues sought to understand how an 
initially disordered spatial structure of cAMP, produced 
by random emissions from the individual cells, becomes 
the characteristic large spirals of cAMP, the centres of 
which define the points of aggregration. Building on the 
work of Tang and Othmer36, Levine and colleagues con-
structed a model to describe the relationship between 
individual cells and the spatial concentration of cAMP. 
In this model, the ambient concentration of cAMP at 
each point in space is governed by a simple ODE that 
models the rate of change of cAMP concentration over 
time as affected by its diffusion and constitutive decay, as 
well as by a periodic source of cAMP provided by indi-
vidual D. discoideum cells in the environment. When 
the ambient cAMP concentration exceeds a threshold, 
these cells become excited and emit cAMP for a fixed 
time period. Following this, they enter an inactive 

Figure 1 | The segment polarity network. a | Segment polarity gene expression in a Drosophila melanogaster 
embryo, showing expression of wingless (wg; in green) and Engrailed (EN; in red). wg expression is detected from a 
wg–lacZ fusion gene, from which !-galactosidase is expressed under the control of the wg promoter. Both 
!-galactosidase and EN were detected with antibodies in the fixed embryo. b | Segment polarity gene expression 
model results from von Dassow and colleagues7. A segmented region of the embryo is boxed (above) and expanded 
(below; several complete parasegments, each four cells wide, are shown) to depict the striped steady-state 
expression patterns of the segment polarity components (lower-case labels indicate mRNA and upper-case labels 
indicate proteins): en, wg, patched (ptc), cubitus interruptus (cid), hedgehog (hh), repressor fragment of Cubitus 
interruptus (CN), patched–hedgehog complex (PTC–HH). A, anterior; P, posterior. c | Influence model inside and 
between cell boundaries, showing interactions among the genes in von Dassow and colleagues’ model of segment 
polarity in D. melanogaster. Solid lines indicate their original model; their modified model additionally incorporates 
the dashed lines. Arrowheads indicate positive interactions and barred lines indicate negative interactions. 
The + beneath cid indicates constitutive expression. Shading indicates the cell interior. Image in part a courtesy of 
S. Vincent, Stanford University School of Medicine. Part b reproduced and part c modified with permission from 
Nature REF. 7 " (2000) Macmillan Publishers Ltd.
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(Von Dassow et al., 2000)
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time, this triggers another mechanism inside the cell that 
induces the extension of pseudopodia used for chemotaxis 
up the concentration gradient of cAMP. Within a colony, 
this behaviour results in waves of cAMP that propagate 
in large spirals, and the cells in the colony begin to move in 
the direction of the wave source (FIG. 3b,c).

Levine and colleagues sought to understand how an 
initially disordered spatial structure of cAMP, produced 
by random emissions from the individual cells, becomes 
the characteristic large spirals of cAMP, the centres of 
which define the points of aggregration. Building on the 
work of Tang and Othmer36, Levine and colleagues con-
structed a model to describe the relationship between 
individual cells and the spatial concentration of cAMP. 
In this model, the ambient concentration of cAMP at 
each point in space is governed by a simple ODE that 
models the rate of change of cAMP concentration over 
time as affected by its diffusion and constitutive decay, as 
well as by a periodic source of cAMP provided by indi-
vidual D. discoideum cells in the environment. When 
the ambient cAMP concentration exceeds a threshold, 
these cells become excited and emit cAMP for a fixed 
time period. Following this, they enter an inactive 

Figure 1 | The segment polarity network. a | Segment polarity gene expression in a Drosophila melanogaster 
embryo, showing expression of wingless (wg; in green) and Engrailed (EN; in red). wg expression is detected from a 
wg–lacZ fusion gene, from which !-galactosidase is expressed under the control of the wg promoter. Both 
!-galactosidase and EN were detected with antibodies in the fixed embryo. b | Segment polarity gene expression 
model results from von Dassow and colleagues7. A segmented region of the embryo is boxed (above) and expanded 
(below; several complete parasegments, each four cells wide, are shown) to depict the striped steady-state 
expression patterns of the segment polarity components (lower-case labels indicate mRNA and upper-case labels 
indicate proteins): en, wg, patched (ptc), cubitus interruptus (cid), hedgehog (hh), repressor fragment of Cubitus 
interruptus (CN), patched–hedgehog complex (PTC–HH). A, anterior; P, posterior. c | Influence model inside and 
between cell boundaries, showing interactions among the genes in von Dassow and colleagues’ model of segment 
polarity in D. melanogaster. Solid lines indicate their original model; their modified model additionally incorporates 
the dashed lines. Arrowheads indicate positive interactions and barred lines indicate negative interactions. 
The + beneath cid indicates constitutive expression. Shading indicates the cell interior. Image in part a courtesy of 
S. Vincent, Stanford University School of Medicine. Part b reproduced and part c modified with permission from 
Nature REF. 7 " (2000) Macmillan Publishers Ltd.
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The Segment Polarity Network:
“Among 240,000 randomly-chosen pa-
rameter sets we found 1,192 solutions
(∼1 in 200). This is very frequent; as this
search involved 48 parameters, on aver-
age a random choice of parameter value
has roughly a 90% chance of being com-
patible with the desired behaviour.”

(Von Dassow et al., 2000)
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wg–lacZ fusion gene, from which !-galactosidase is expressed under the control of the wg promoter. Both 
!-galactosidase and EN were detected with antibodies in the fixed embryo. b | Segment polarity gene expression 
model results from von Dassow and colleagues7. A segmented region of the embryo is boxed (above) and expanded 
(below; several complete parasegments, each four cells wide, are shown) to depict the striped steady-state 
expression patterns of the segment polarity components (lower-case labels indicate mRNA and upper-case labels 
indicate proteins): en, wg, patched (ptc), cubitus interruptus (cid), hedgehog (hh), repressor fragment of Cubitus 
interruptus (CN), patched–hedgehog complex (PTC–HH). A, anterior; P, posterior. c | Influence model inside and 
between cell boundaries, showing interactions among the genes in von Dassow and colleagues’ model of segment 
polarity in D. melanogaster. Solid lines indicate their original model; their modified model additionally incorporates 
the dashed lines. Arrowheads indicate positive interactions and barred lines indicate negative interactions. 
The + beneath cid indicates constitutive expression. Shading indicates the cell interior. Image in part a courtesy of 
S. Vincent, Stanford University School of Medicine. Part b reproduced and part c modified with permission from 
Nature REF. 7 " (2000) Macmillan Publishers Ltd.
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The Segment Polarity Network:
“We originally expected the core topol-
ogy to be frail and easily perturbed, and
expected to achieve robustness only by
adding additional complexity . . . Con-
founding that expectation, the simplest
model that works at all emerged com-
plete with unexpected robustness to
variation in parameters and initial condi-
tions.”

(Von Dassow et al., 2000)



Robustness in Dynamical Systems

The Sloppiness of Networks:
“Sloppiness refers to the highly
anisotropic structure of parameter
space, wherein the behavior of models
is highly sensitive to variation along a
few ‘stiff’ directions (combinations of
model parameters) and more or less
insensitive to variation along a large
number of ‘sloppy’ directions.”

(Daniels, 2008)



Robustness in Dynamical Systems

The Sloppiness of Networks:
“The model is robust in these [sloppy] di-
rections not because of evolution and fit-
ness, but because of the mathematical
behavior of chemical reaction networks,
which are naturally weakly dependent on
all but a few combinations of reaction pa-
rameters.”

(Daniels, 2008)



Robustness in Dynamical Systems

The robustness of a phenotypic trait is characterized by its 
absence, or low level, of variation in the face of a specific 
environmental or genetic perturbation. The opposite of 
robustness is sensitivity, which corresponds to large vari-
ation of the phenotypic trait in the face of the perturba-
tion. A continuum of possible responses exists between 
complete robustness and high sensitivity, and robustness 
is best used in a relative manner, compared to a more sen-
sitive case1. Historically, there have been two major, and 
frequently distinct, approaches that have dealt with the 
degree of robustness and sensitivity of biological traits.

The first concerns the field of evolutionary quantita-
tive genetics, in which variance in a phenotype is quan-
tified and partitioned into distinct causative sources of 
variation (FIG. 1): microenvironmental variance (also 
called stochastic variance); macroenvironmental vari-
ance (for example, temperature or food); and genetic 
variance2–8. Lack of phenotypic variance is often called 
canalization and is primarily studied for its effects in mask-
ing genetic variation6,9–15. Waddington2,9 used the term 
canalization to designate either a developmental process 
restricting available cell fate choices over developmental 
time, or an evolutionary process reducing phenotypic 
variance under selection. Canalization is also often used 
as a synonym of robustness, to describe a lack of variance.

The second line of enquiry regarding robustness 
stems from studies in physics and progressed through 
the field of systems biology16–19. Here, robustness is 
defined as the insensitivity to variation in one system 
parameter, analysed using computational and experi-
mental systems16,17,20. In these studies, genetic variation 
and evolution of the system are not typically considered. 

A related line of enquiry derived from engineering con-
siders robustness to all possible variation in the life-
time of a system by summing over the probabilities of  
different perturbations19,21–23.

Previous authors have reviewed robustness mecha-
nisms at different levels of integration12,16–19,21–23. In this 
Review, we present both lines of enquiry into robust-
ness, evolutionary genetics and systems biology, and 
their interactions. Following early seminal work by 
Waddington9, Kacser24 and Rendel25, these two views 
are starting to merge on a theoretical level26–29. On the 
experimental side, the rise of quantitative approaches in 
cellular and developmental biology and identification 
of the genetic bases of variational features are providing 
the opportunity to unify the field based on a more pre-
cise characterization of robustness within real biological 
systems.

We first define robustness and argue against a generic 
use of the term without precise specification of the feature 
that is robust and of a specific perturbation. We present 
experimental designs to measure robustness and to study 
its evolutionary variation through genetic analysis. Based 
on recent studies that use controlled perturbations to pre-
cisely quantify robustness, it appears that downstream 
phenotypes are often robust to a wide range of variation 
in major upstream developmental regulators, matching 
the expectations of both Waddington9 and Rendel25. Such 
nonlinearities in dose–response curves are pervasive in 
biological systems, which makes some robust features easy 
to explain. In this context, we critically assess the recent 
proliferation in the literature of reports of robustness- 
conferring genes, many of which simply affect the 
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Robustness
Invariance or low variation of a 
given phenotype when faced 
with a given incoming variation. 
Used synonymously with 
insensitivity.

Sensitivity
Variation of a given phenotype 
when faced with a given 
incoming variation.

Variance
A measure of variation in a 
distribution, defined as the 
sum of squared deviations of 
individual points to the mean.

Pervasive robustness in biological 
systems
Marie-Anne Félix1 and Michalis Barkoulas2

Abstract | Robustness is characterized by the invariant expression of a phenotype in the face 
of a genetic and/or environmental perturbation. Although phenotypic variance is a central 
measure in the mapping of the genotype and environment to the phenotype in quantitative 
evolutionary genetics, robustness is also a key feature in systems biology, resulting from 
nonlinearities in quantitative relationships between upstream and downstream components. 
In this Review, we provide a synthesis of these two lines of investigation, converging on 
understanding how variation propagates across biological systems. We critically assess the 
recent proliferation of studies identifying robustness-conferring genes in the context of  
the nonlinearity in biological systems.
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“Recently, many such examples of supposed robustness-conferring
genes have appeared in the literature. Expressions such as the
‘canalizing gene’ or describing a gene or mechanism that ‘confers
robustness’ have become commonplace”

“An increase in phenotypic variance in mutants labelled as
‘robustness-conferring’ may be commonly generated by a broad failure of
phenotypic construction, rather than being indicative of a distinct
robustness mechanism.”

(Félix & Barkoulas, 2014)



Conclusions

• intuitions about change in mechanical systems can often not
be transferred to living systems

• explanation of robustness sometimes consists in deriving
relationships of non-dependence

• in many cases robustness may not be explained as an added
feature to an otherwise fragile mechanism, but is integral to
the functionality of the mechanism itself


