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ANDERS STRAND AND GRY OFTEDAL

CAUSATION AND COUNTERFACTUAL DEPENDENCE IN
ROBUST BIOLOGICAL SYSTEMS1

ABSTRACT

In many biological experiments, due to gene-redundancy or distributed backup 
mechanisms, there are no visible effects on the functionality of the organism when 
a gene is knocked out or down. In such cases there is apparently no counterfactual 
dependence between the gene and the phenotype in question, although intuitively 
the gene is causally relevant. Due to relativity of causal relations to causal models, 
we suggest that such cases can be handled by changing the resolution of the causal 
model that represents the system. By decreasing the resolution of our causal mod-
el, counterfactual dependencies can be established at a higher level of abstraction. 
By increasing the resolution, stepwise causal dependencies of the right kind can 
VHUYH�DV�D�VXI¿FLHQW�FRQGLWLRQ�IRU�FDXVDO�UHOHYDQFH��)LQDOO\��ZH�GLVFXVV�KRZ�LQWUR-
ducing a temporal dimension in causal models can account for causation in cases 
of non-modular systems dynamics.

1. INTRODUCTION

Counterfactual dependence accounts of causation have several problems ac-
counting for causation in complex biological systems (Mitchell 2009, Strand and 
Oftedal 2009). Often perturbations on such systems do not have any clear-cut 
phenotypic effects, and consequently there is no direct counterfactual dependence 
EHWZHHQ�WKH�FDXVH�FDQGLGDWH�LQWHUYHQHG�RQ�DQG�WKH�HIIHFW�FRQVLGHUHG��)RU�H[DP-
ple, many gene knockouts and knockdowns have no detectable effect on relevant 
functionality, even though the genes in question are considered causally relevant 
in non-perturbed systems (Shastry 1994, Wagner 2005).
 Two different mechanisms give rise to such stability: (1) gene redundancy; the 
workings of backup-genes explain the lack of counterfactual dependence between 
the effect and the preempting cause, and (2) distributed robustness; the system 
readjusts functional dependencies among other parts of the system rather than 
invoking backup genes. The latter cases challenge not only the necessity of coun-
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terfactual dependence for causation, but also our thinking about truth conditions 
for the relevant counterfactuals. We suggest that such cases can be handled by a 
counterfactual dependence account of causation by changing the resolution of the 
causal model.
 There is a related problem concerning non-modularity of complex systems. 
Modularity is by some seen as a requirement for making adequate causal infer-
ences (Woodward 2003). The intuitive idea is that different mechanisms compos-
ing a system are separable and in principle independently disruptable (Hausman 
and Woodward 1999). However, research indicates that compensatory changes 
in response to disruptions in biological systems can change functional relations 
between relevant variables and thereby violate modularity.
� ,Q�WKH�IROORZLQJ�ZH�¿UVW�LQWURGXFH�WKH�FRUH�HOHPHQWV�RI�D�FRXQWHUIDFWXDO�GH-
pendence based philosophical analysis of causation. Then we present gene redun-
dancy and distributed robustness using biological examples and argue that chang-
ing representational resolution helps understand causal dependence in these cases. 
)LQDOO\��ZH�GLVFXVV�KRZ�LQWURGXFLQJ�D�WHPSRUDO�GLPHQVLRQ�LQ�FDXVDO�PRGHOV�JLYHV�
a grip on non-modular systems dynamics.

2. SKETCH OF AN ANALYSIS OF CAUSATION

Causes typically make a difference to their effects, and many philosophers argue 
that this idea should be at the core of the philosophical analysis of causation (e.g. 
Lewis 1973, 2004, Woodward 2003, Menzies 2004). We agree and suggest the 
IROORZLQJ�JHQHUDO�GH¿QLWLRQ�RI�FDXVDWLRQ��ZKHUH�;�DQG�<�DUH�YDULDEOHV�DQG�0�LV�D�
causal model, i.e. a set of variables and functional relations between them:

Causal Relevance: ;�LV�D�FDXVH�RI�<�UHODWLYH�WR�0�LI�DQG�RQO\�LI� WKHUH�LV�D�
FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�ZKHQ�ZH�KROG�VRPH�VXEVHW�RI�
YDULDEOHV��DOORZLQJ�WKLV�VHW�WR�EH�HPSW\��LQ�0�¿[HG�DW�VRPH�YDOXHV�

7KLV�GH¿QLWLRQ�LV�LQ�OLQH�ZLWK�RWKHU�ZHOO�GLVFXVVHG�GLIIHUHQFH�PDNLQJ�DFFRXQWV�RI�
causation viewing causal relata as variables (e.g. Menzies and Woodward). Such 
views capture the idea that causal relations are exploitable for purposes of manipu-
lation and control.
 The requirements of some�VXEVHW�RI�YDULDEOHV�EHLQJ�KHOG�¿[HG�DW�some values 
DUH�FKRVHQ�ZLWK�FDUH��7KH�PDLQ�LGHD�LV�WKDW�WKLV�GH¿QLWLRQ�VWDWHV�FDXVDO�UHOHYDQFH�
in the broadest sense, and that different explications of the relevant subset of vari-
ables and their relevant values give different kinds of causal relevance. Letting the 
subset be empty, for example, gives the notion of a total cause:
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Total Cause��;� LV�D� WRWDO�FDXVH�RI�<� UHODWLYH� WR�0� LI�DQG�RQO\� LI� WKHUH� LV�D�
FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�

$OVR�WKH�QRWLRQ�RI�D�GLUHFW�FDXVH�FRPHV�RXW�DV�D�VSHFLDO�FDVH�

Direct cause��;�LV�D�GLUHFW�FDXVH�RI�<�UHODWLYH�WR�0�LI�DQG�RQO\�LI�WKHUH�LV�D�
FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�ZKHQ�ZH�KROG�DOO other vari-
DEOHV�LQ�0�¿[HG�DW�VRPH�YDOXHV�

Causal paths are understood as chains of relations of direct causation. Using this 
idea, we can cash out the notion of a contributing cause:

Contributing Cause��;�LV�D�FRQWULEXWLQJ�FDXVH�RI�<�UHODWLYH�WR�0�LI�DQG�RQO\�
LI�WKHUH�LV�D�FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�ZKHQ�ZH�KROG�DOO�
YDULDEOHV�LQ�0�QRW�RQ�WKH�UHOHYDQW�SDWK�IURP�;�WR�<�¿[HG�DW�VRPH�YDOXHV�

µ5HOHYDQW�SDWK¶�LV�D�SODFHKROGHU�IRU�WKH�FKDLQ�RI�GLUHFW�FDXVDO�UHODWLRQV�EHWZHHQ�;�
DQG�<�RYHU�ZKLFK�ZH�DUH�FKHFNLQJ�IRU�PHGLDWHG�FDXVDO�UHOHYDQFH�DPRQJ�;�DQG�<��
The existence of a mediating chain of direct causal relationships is not itself suf-
¿FLHQW�IRU�FDXVDO�UHOHYDQFH�GXH�WR�FRXQWHUH[DPSOHV�WR�WUDQVLWLYLW\��)XUWKHUPRUH��
DFWXDO�FDXVDWLRQ�FDQ�EH�VSHFL¿HG�LQ�WHUPV�RI�DOO�YDULDEOHV�QRW�RQ�WKH�UHOHYDQW�SDWK�
EHWZHHQ�;�DQG�<�EHLQJ�KHOG�¿[HG�DW�WKHLU�DFWXDO�YDOXHV�
 These distinctions, which mirror Woodward’s 2003 distinctions, are not ex-
haustive. We add two additional notions here, tentatively called Restricted Causal 
Relevance and Dynamic Causal Relevance (Section 5). The idea behind restricted 
causal relevance is to capture causal understanding often implicit in actual sci-
HQWL¿F�SUDFWLFH��ZKHUH�YDULDEOHV�QRW�WHVWHG�IRU�FDXVDO�UHOHYDQFH�DUH�KHOG�¿[HG�DW�
assumed normal or expected values. This is restricted causal relevance because 
it requires counterfactual dependence under a limited range of values of the vari-
DEOHV�KHOG�¿[HG�

Restricted Causal Relevance: ;�LV�D�UHVWULFWHG�FDXVH�RI�<�UHODWLYH�WR�0�LI�DQG�
RQO\�LI�WKHUH�LV�D�FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�ZKHQ�ZH�KROG�
DOO�YDULDEOHV�LQ�0�QRW�RQ�WKH�UHOHYDQW�SDWK�IURP�;�WR�<�¿[HG�DW�WKHLU�QRUPDO�
values.

There will be a variety of different notions of restricted causal relevance. The one 
VWDWHG�KHUH�LV�DQDORJRXV�WR�FRQWULEXWLQJ�FDXVH��DQG�VKRXOG�EH�VXI¿FLHQW�WR�LOOXVWUDWH�
the core idea.
 Counterexamples to the claim that counterfactual dependence is necessary for 
causation feature a redundancy of cause candidates: preemption (a cause preempts 
D� EDFNXS� FDXVH��� RYHUGHWHUPLQDWLRQ� �WZR� LQGLYLGXDOO\� VXI¿FLHQW� FDXVHV��� DQG�
trumping (a cause trumps another cause candidate). Moreover, distributed robust-
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ness found in biological systems presents yet another counterexample, one that 
KDV�QRW�UHFHLYHG�VXI¿FLHQW�DWWHQWLRQ�LQ�WKH�SKLORVRSKLFDO�OLWHUDWXUH��EXW�KDV�VRPH�
interesting and perhaps surprising philosophical consequences.
 It is important to be aware that preemption cases are only problematic for the 
PRUH�GHPDQGLQJ�YDULHWLHV�RI�FDXVDO�UHOHYDQFH��)RU�D�VWDQGDUG�FDVH�RI�SUHHPSWLRQ�
WR�DULVH�LQ�WKH�¿UVW�SODFH��ERWK�FDXVH�FDQGLGDWHV�&1 and C2 must be causally relevant 
WR�(�LQ�WKH�EURDG�VHQVH�RI�FDXVDO�UHOHYDQFH��VHH�6HFWLRQ�����:KHQ�SKLORVRSKHUV�DVN�
which of C1 and C2�DUH�DFWXDO�RU�UHVWULFWHG�FDXVHV�RI�(�SUREOHPV�RFFXU��EHFDXVH�
asymmetry intuitively should arise for these more demanding notions. It is only if 
C2 is causally relevant in the broad sense that it can be a preempted backup cause 
in actual or normal circumstances where it is not an actual or restricted cause itself. 
$OORZLQJ�IRU�D�SURSHU�GHVFULSWLRQ�RI�W\SH�OHYHO�SUHHPSWLRQ�FDVHV�LV�WKH�PDLQ�UROH�
of the notion of restricted causal relevance in this paper.

3. GENETIC REDUNDANCY AND DISTRIBUTED ROBUSTNESS

*HQH�NQRFNRXW�DQG�NQRFNGRZQ�H[SHULPHQWV�LQYHVWLJDWH�WKH�IXQFWLRQLQJ�RI�JHQHV�
E\�HIIHFWLYHO\�GHOHWLQJ�RU�VLOHQFLQJ�VSHFL¿F�JHQHV��H�J��;LH�HW�DO���������+\SRWKH-
sis-driven experiments of this sort often involve causal reasoning of the form that 
if the procedures make a difference to a particular phenotypic trait, then the gene 
in question is causally relevant for that trait. However, due to system robustness, 
very often gene perturbations do not have any apparent effect on the functionality 
of the system at hand (Shastry 1994, Wagner 2005).
 Robustness is a ubiquitous property of living systems and allows systems to 
maintain their biological functioning despite perturbations (Kitano 2004, 826). 
Mutational robustness can be described as functional stability against genetic 
perturbations (Strand and Oftedal 2009), and two types are recognized in the lit-
HUDWXUH��JHQHWLF� UHGXQGDQF\�DQG�GLVWULEXWHG� UREXVWQHVV� �:DJQHU��������*HQHWLF�
redundancy involves multiple copies of a gene or genes with similar functionality 
(so-called duplicate genes) that can take the role of the perturbed gene. Distrib-
uted robustness is more complex and involves organizational changes of multiple 
causal pathways in such a way that the system manages to compensate for the 
genetic disturbance (Hanada et al. 2011).
� *HQHWLF� UHGXQGDQF\�ZDV� LQYHVWLJDWHG� LQ�Kuznicki et al. (2000), where du-
plicate genes were found to contribute to robustness in the nematode C. elegans. 
*/+� SURWHLQV� �*HUP/LQH� 51$� +HOLFDVHV�� DUH� FRQVWLWXWLYH� FRPSRQHQWV� RI� WKH�
QHPDWRGH�3�JUDQXOHV��7KHVH�JUDQXOHV�DUH�GLVWLQFWLYH�ERGLHV�LQ�WKH�JHUP�FHOOV�IRXQG�
WR�KDYH�UROHV�LQ�WKH�VSHFL¿FDWLRQ�DQG�GLIIHUHQWLDWLRQ�RI�JHUP�OLQH�FHOOV��7KH�JHQHV�
DVVRFLDWHG�ZLWK� WKH�SURWHLQV�*/+���DQG�*/+���EHORQJ� WR� WKH�PXOWL�JHQH�*/+�
family in C. elegans��DQG�WKH�*/+V�DUH�FRQVLGHUHG�LPSRUWDQW�LQ�WKH�GHYHORSPHQW�
of egg cells (oogenesis). Still, no effect on oogenesis could be detected either from 
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D�51$L�NQRFNGRZQ�RI�WKH�JHQH�DVVRFLDWHG�ZLWK�*/+���RU�ZLWK�*/+����+RZHYHU��
WKH�FRPELQDWRULDO�NQRFNGRZQ�RI�ERWK� WKH�*/+���DQG�*/+���JHQHV� UHVXOWHG� LQ�
97% sterility due to lack of egg cells and defective sperm. The results indicate that 
*/+���DQG�*/+���DUH�GXSOLFDWH�JHQHV�WKDW�FDQ�FRPSHQVDWH�IRU�HDFK�RWKHU�ZKHQ�
one or the other is lacking. We return to this example in Section 4.
 Distributed robustness was investigated in (GZDUGV�DQG�3DOVVRQ�����D�DQG�
2000b where chemical reactions in E. coli were perturbed. Rather than knocking 
out or knocking down genes, chemical reactions in the process of glycolysis (the 
metabolic process of converting glucose into pyrovate and thereby produce the en-
HUJ\�ULFK�FRPSRXQGV�$73�DQG�1$'3+��ZHUH�EORFNHG�RQH�E\�RQH�WR�¿QG�ZKHWKHU�
any of the reactions were essential to cell growth. Only seven of the 48 reactions 
were found to be essential, and of the 41 remaining, 32 reduced cell growth by 
OHVV�WKDQ�����DQG�RQO\�QLQH�UHGXFHG�FHOO�JURZWK�ZLWK�PRUH�WKDQ�����)RU�H[DPSOH��
WKH�EORFNLQJ�RI�WKH�HQ]\PH�*�3'��JOXFRVH���SKRVRKDWH�GHK\GURJHQDVH��UHVXOWHG�
in growth at almost normal levels. However, the elimination of this reaction had 
major systemic consequences (Wagner 2005). Instead of producing two-thirds of 
WKH�FHOO¶V�1$'3+��D�FRHQ]\PH�QHHGHG�LQ�OLSLG�DQG�QXFOHLF�DFLG�V\QWKHVLV��E\�WKH�
SHQWRVH�SKRVSKDWH�SDWKZD\��PRUH�1$'+�ZDV�SURGXFHG�WKURXJK�D�GLIIHUHQW�SDWK��
WKH�WULFDUER[\OLF�DFLG�F\FOH��DQG�WKLV�1$'+�ZDV�WKHQ�WUDQVIRUPHG�LQWR�1$'3+�
YLD�D�KLJKO\�LQFUHDVHG�ÀX[�WKURXJK�ZKDW�LV�FDOOHG�WKH�WUDQVK\GURJHQDVH�UHDFWLRQ��,Q�
RWKHU�ZRUGV��SUDFWLFDOO\�DOO�WKH�1$'3+�QHHGHG�IRU�XSKROGLQJ�QRUPDO�FHOO�JURZWK�
was still produced, but through different pathways. We return to this example in 
Section 5.

4. DEALING WITH REDUNDANCY

When a duplicate gene takes the role of a silenced gene, there is typically no phe-
notypic change that indicates causal relevance of the silenced gene2. Consider a 
VWDQGDUG�FDVH�RI�ODWH�SUHHPSWLRQ��)LJXUH����

C1

E

C2

)LJXUH��

�� &HUWDLQ�¿QH�JUDLQHG�UHGHVFULSWLRQV�RI�WKH�SKHQRW\SLF�HIIHFW�PD\�VWLOO�UHYHDO�GHSHQGHQ-
cies. This could be cashed out in terms of a change of causal model or different restric-
tions on the values of the variables.
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$FFRUGLQJ�WR�RXU�GH¿QLWLRQ�RI�W\SH�OHYHO�FDXVDO�UHOHYDQFH��ERWK�FDXVH�FDQGLGDWHV�
are causally relevant, but only C1 is actual cause. Type level preemption cases 
can be formulated in terms of restricted causal relevance. C1 and C2 may both be 
broadly causally relevant, while both should not be restricted causes. Suppose that 
normal values of C1 and C2 are that both are present. Then we should be able to say 
that in normal cases, C1 is a restricted cause, while C2 is not, even though C2 would 
be a cause in abnormal knockout cases where C1 is not present.
 One might think that this asymmetry could be accounted for in terms of spe-
FL¿FLW\��:RRGZDUG�������RU�¿QH�WXQHG�LQÀXHQFH��Lewis 2004, 92). The idea is 
that there is an asymmetry between the preempting cause and the preempted back-
up, because the relation between the preempting cause and the effect is such that 
one can make minor changes to the cause that are followed by minor changes in 
the effect, while there is no analogue for the preempted backup. Intervening to 
slightly alter the preempted backup will not change the effect at all. This strategy 
is promising, and can cover several cases, but it does not work in full generality. 
,Q�SDUWLFXODU��LW�GRHV�QRW�KDQGOH�FDVHV�RI�WKUHVKROG�FDXVDWLRQ��ZKHUH�¿QH�WXQLQJ�RI�
the preempting cause either changes the effect from occurring to not occurring, or 
makes no difference at all.
� 2Q�RXU�GH¿QLWLRQV��OLNH�RQ�:RRGZDUG¶V��������DQG�Menzies’ (2004), causal 
relations obtain relative to a causal model. On this background, we see how causal 
dependencies can be masked and/or revealed by changing the resolution of the 
causal model, for example by invoking a more coarse-grained model. Consider 
D�VLPSOL¿HG�JHQH�UHGXQGDQF\�VFHQDULR��)LJXUH�����%LQDU\�YDULDEOHV�v1, v2, and v3 
represent the presence or absence of three functionally similar genes. Consider 
another representation involving only one binary variable, v4, that takes the value 
present when at least one of v1, v2, or v3, take the value present, and the value ab-
sent when all of v1, v2, and v3 take the value absent.

v1 v2 v3 v4

)LJXUH��

Interventions changing the value of v4 will directly affect the effect variable in this 
setup, and the counterfactual dependence of the effect on v4 is straightforward. 
$SSOLHG�WR�WKH�H[DPSOH�RI�UHGXQGDQF\�LQ�WKH�SUHYLRXV�VHFWLRQ��WKLV�FRUUHVSRQGV�WR�
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FRQVLGHULQJ�WKH�GLVMXQFWLRQ�RI�WKH�WZR�PXWXDOO\�FRPSHQVDWLQJ�JHQHV�*/+���DQG�
*/+���DV�WKH�UHOHYDQW�YDULDEOH�LQ�UHODWLRQ�WR�JHUP�FHOO�IRUPDWLRQ�DQG�QRW�WKH�SUHV-
ence of the individual genes. Whether higher-level representations like these have, 
or should have, realist interpretations in terms of e.g. modally robust entities is a 
further question (see Strand and 2IWHGDO��������$OWHUQDWLYHO\��RQH�PD\�LQWURGXFH�D�
¿QH�JUDLQHG�HIIHFW�YDULDEOH�LQ�RUGHU�WR�UHYHDO�¿QH�WXQDEOH�FDXVDO�LQÀXHQFH�

5. DEALING WITH DISTRIBUTED ROBUSTNESS

In systems exhibiting distributed robustness, organization and causal paths can be 
rewired under perturbations. Such systems can retain their biological functions by 
changing their causal structure compared to the structure they would have had in 
the absence of that perturbation. Systems with such behavior can be non-modular 
in the sense that the intervention on one causal factor, for example a gene, changes 
causal relations between other factors in the system.3 Prima facie, the perturbed 
gene is a cause in the normal case even if there is a distributed back-up mechanism 
at play in the perturbed case. The causal analysis should account for the gene be-
ing causally linked to the relevant phenotypic trait in the normal case, even in the 
absence of the right kind of direct counterfactual dependence.
  We consider two options. One is to decrease the representational resolution by 
abstracting away from details, and thereby in effect treating systems with distrib-
uted robustness as modules that are not internally modular. Interventions on such 
systems will be radical; wipe out the whole module. The other is to increase the 
representational resolution, in the sense that one zooms in on the relevant gene 
and the causal paths leading from that gene to the effect in question. This is done 
by introducing causal intermediaries and tracking stepwise causal dependencies. 
If one could establish stepwise counterfactual dependence, one could for example 
take the ancestral relation of counterfactual dependence, and thus establish the 
causal status among distant nodes that are not related directly by counterfactual 
dependence.4 We elaborate on the second option in the following.
� )LUVW��FRQVLGHU�D�UHODWLYHO\�VLPSOH�DEVWUDFW�FDVH�RI�GLVWULEXWHG�UREXVWQHVV�
�)LJXUH����

�� (�J��:RRGZDUG��������DQG�&DUWZULJKW��������GLVFXVV�PRGXODULW\�
4 The idea in David Lewis’ original account is that whenever you have a chain c1, c2, …, 

cn and each cm and cm+1 are related by counterfactual dependence, any two distant ele-
PHQWV�LQ�WKDW�FKDLQ�LV�FDXVDOO\�UHODWHG�E\�GH¿QLWLRQ��7DNLQJ�WKH�DQFHVWUDO�ZDV�FUXFLDO�WR�
secure transitivity for Lewis, but transitivity is questioned in the contemporary debate 
�H�J��:RRGZDUG�������3DXO�������



186 Anders Strand and Gry Oftedal

v1

v4 v5 v6

v2

v3

c

e

)LJXUH��

Imagine a knockout on v1 that changes the functional dependencies between some 
of the other parts. The point is not exactly what changes are being induced, rather 
that such changes indeed occur. In the redundancy case, no such changes occur, it 
is simply a backup gene performing the function of the knocked out gene.
  1RZ��FRQVLGHU� WKH�SDWK�v1, v2, v5, to e. If this is a causal path, there will be 
causal interventions on v1 that change the value of v2, causal interventions on v2 
that change the value of v5, and causal interventions on v5 that change the value 
of e. However, the changes in v2 brought about by changes of v1 may not be such 
that they induce changes in v5. Rather, it may be that the interventions on v2 that 
do change v5 cannot be induced by intervening on v1. In such a case, there will be 
no direct counterfactual dependence, but there will still be a path between v1 and 
e. The question is whether v1 qualify as a cause of e? If we straightforwardly take 
causation to be the ancestral of counterfactual dependence, v1 will qualify as a 
cause of e. However, this is too weak and deems some non-causal relations causal.
 On the other hand, one might think that causal relevance between v1 and e 
is mediated via a causal path if and only if there is a causal intervention on v1 
that changes the value of e (Woodward 2003 requires this). This, however, is too 
strong. In a case of distributed robustness, changes of v1 that brings about certain 
changes in v2 might also trigger distributed backup mechanisms that affect wheth-
er v2 and/or v5 can bring about changes in e. If the system is non-modular, it will be 
LPSRVVLEOH�WR�FRQWURO�IRU�VXFK�EDFNXSV�E\�KROGLQJ�RWKHU�YDULDEOHV�¿[HG��:H�QHHG�
WR�¿QG�VRPH�PLGGOH�JURXQG�EHWZHHQ�WDNLQJ�WKH�DQFHVWUDO�ZKLFK�LV�WRR�ZHDN��DQG�
requiring direct counterfactual dependence which is too strong.
� +HUH�LV�D�WHQWDWLYH�DFFRXQW��,W�LV�VXI¿FLHQW�IRU�FDXVDO�UHOHYDQFH�WKDW�WKHUH�DUH�
changes of v1 that result in changes of v2, changes within the range of changes that 
can be brought about on v2 by changing v1 that result in a range of changes in v5, 
DQG�¿QDOO\�WKH�VDPH�IRU�v5 and e. If there is such a series of ranges of changes, then 
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v1 is a cause of e even if there are no changes of v1 that would result directly in 
changes of e. Let’s label this the relevance requirement.
�� $Q�H[DPSOH�LV�WKH�PHWDEROLF�UHDFWLRQV�LQ�E. coli presented previously. The dis-
tributed robustness of these reactions makes sure that practically the same amount 
RI�WKH�HQHUJ\�ULFK�FRPSRXQG�1$'3+�LV�SURGXFHG�HYHQ�WKRXJK�WKH�SHQWRVH�SKRV-
SKDWH� SDWKZD\�� ZKLFK� QRUPDOO\� LV� FRQVLGHUHG� WKH� PDLQ� VRXUFH� RI� 1$'3+�� LV�
EORFNHG�E\�NQRFNLQJ�RXW�WKH�HQ]\PH�*�3'��(GZDUGV�DQG�3DOVVRQ�����D������E���
$V� VKRZQ� LQ� WKH� ¿JXUHV� EHORZ��1$'3+� LV�PDLQO\� SURGXFHG� WKURXJK� WKH� SHQ-
WRVH�SKRVSKDWH�SDWKZD\�ZKHQ�QR�FKHPLFDO� UHDFWLRQV�DUH�EORFNHG��:KHQ�*�3'�
LV�NQRFNHG�RXW��KRZHYHU��1$'3+�SURGXFWLRQ�JRHV� WKURXJK�GLIIHUHQW�SDWKZD\V��
7KH�WULFDUER[\OLF�DFLG�F\FOH�SURGXFHV�1$'+�DW�HOHYDWHG�OHYHOV�DQG�WKLV�1$'+�LV�
WUDQVIRUPHG�LQWR�1$'3+�WKURXJK�WKH�WUDQVK\GURJHQDVH�UHDFWLRQ�
� 7KH�IROORZLQJ�LOOXVWUDWLRQV�DUH�DGDSWHG�IURP�(GZDUGV�DQG�3DOVVRQ������E���
$GGLWLRQDO�QRGHV�DUH�LQWURGXFHG�WR�UHSUHVHQW�WKH�NH\�FKHPLFDO�UHDFWLRQV�'+��GH-
hydrogenation) and DC (decarboxylation). Black arrows represent the main causal 
SDWKZD\V� �KLJK�ÀX[���*UH\�DUURZV� UHSUHVHQW�PLQRU�FDXVDO�SDWKZD\V� �ORZ�ÀX[���
'DVKHG�DUURZV�UHSUHVHQW�QR�ÀX[�SDWKZD\V��)LJXUH���VKRZV�D�FDXVDO�UHSUHVHQWDWLRQ�
of glucose metabolism in E. coli XQGHU�QRUPDO�FLUFXPVWDQFHV��1$'3+�LV�PDLQO\�
produced through the pentose phosphate pathway (in black).
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� )LJXUH���VKRZV�D�FDXVDO�UHSUHVHQWDWLRQ�RI�JOXFRVH�PHWDEROLVP�LQ�E. coli when 
WKH�HQ]\PH�*�3'�LV�NQRFNHG�RXW��1R�1$'3+�LV�SURGXFHG�WKURXJK�WKH�SHQWRVH�
phosphate pathways (now in grey). Rather, there is an increased activity in dif-
ferent pathways ultimately leading through the tricarboxylic acid cycle and the 
WUDQVK\GURJHQDVH�UHDFWLRQV��GHWDLOV�RPLWWHG�IURP�WKH�¿JXUH��
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(YHQ�WKRXJK�WKHUH�DSSHDUV�WR�EH�QR�FRXQWHUIDFWXDO�GHSHQGHQFH�EHWZHHQ�WKH�HQ-
]\PH�*�3'�WKDW�FDWDO\]HV�SDUWV�RI�WKH�SHQWRVH�SKRVSKDWH�SDWKZD\�DQG�WKH�WRWDO�
1$'3+�SURGXFWLRQ��*�3'� VKRXOG� VWLOO� EH� FRQVLGHUHG� FDXVDOO\� UHOHYDQW� IRU� WKH�
SURGXFWLRQ�RI�1$'3+��7UDQVODWLQJ�RXU�WHQWDWLYH�DFFRXQW�RI�KRZ�FDXVDO�UHOHYDQFH�
FDQ�EH�HVWDEOLVKHG�LQWR�WKLV�H[DPSOH�JLYHV�WKH�IROORZLQJ��,W�LV�VXI¿FLHQW�IRU�FDXVDO�
UHOHYDQFH�WKDW�WKHUH�DUH�FKDQJHV�RQ�*�3'�WKDW�UHVXOW�LQ�D�UDQJH�RI�FKDQJHV�RI�'+��
changes within that range of changes on DH that result in a range of changes in 
�3*$�DQG�1$'3+��WKH�VDPH�IRU��3*$�DQG��3*��IRU��3*�DQG�'&��DQG�IRU�'&�
DQG�1$'3+��,I�WKHUH�LV�VXFK�D�VHULHV�RI�UDQJHV�RI�FKDQJHV��WKHQ�*�3'�LV�D�FDXVH�
RI�1$'3+�HYHQ�LI�WKHUH�DUH�QR�FKDQJHV�RQ��3*$�WKDW�ZRXOG�UHVXOW�LQ�FKDQJHV�LQ�
1$'3+�SURGXFWLRQ�GLUHFWO\�
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 This account demonstrates a need to represent the effects of perturbations on 
the dynamic evolution of systems. Ignoring the dynamic dimension, and assuming 
WKDW� WKH� V\VWHPV� UHPDLQ�¿[HG� XQGHU� SHUWXUEDWLRQV�� LV� GHHSO\� SUREOHPDWLF�ZKHQ�
confronted with more complex system behavior. Intervening at a certain point in 
the dynamic evolution of a system may change the upcoming development, and 
when intervening at a later point we have the choice of intervening on a system 
that has not been disturbed, or on a different system, namely the one that was 
disturbed at an earlier point. These will be represented by different system trajec-
tories along the dynamic dimension.
  Such systems are not modular since we cannot intervene on causal paths of 
LQWHUHVW�ZLWKRXW�FKDQJLQJ�RWKHU�DVSHFWV�RI� WKH�V\VWHPV��$FFRUGLQJ� WR�VRPH�SKL-
losophers (e.g. :RRGZDUG��������V\VWHPV�WKDW�DUH�VXI¿FLHQWO\�QRQ�PRGXODU�DUH�QRW�
causal. We think this response is too hasty. Moreover, eschewing this as a problem 
for dependence accounts of causation still leaves the problem of how we should 
understand counterfactual claims about non-modular functionally robust systems. 
We will therefore proceed treating it as a question about causation, trusting that it 
has philosophical value even if one should choose to label it otherwise.
 Consider the following notion of causal relevance:

Dynamic Causal Relevance��;�LV�D�G\QDPLF�FDXVH�RI�<�UHODWLYH�WR�0�LI�DQG�
RQO\�LI�WKHUH�LV�D�SRVVLEOH�FKDQJH�RI�;�WKDW�ZRXOG�UHVXOW�LQ�D�FKDQJH�RI�<�ZKHQ�
ZH�KROG�DOO�YDULDEOHV�LQ�0�¿[HG�DW�VRPH�YDOXHV�DW�WKH�WLPH�RI�LQWHUYHQWLRQ�RQ�
;�

This notion allows for systemic changes over time due to earlier perturbations. We 
can represent the system in n-dimensional space, where n is the number of vari-
ables describing the system. The changes in the dynamic dimension can include 
changes of the functional relations among different parts of the system. In effect 
some system trajectories in this dimension will represent different systems than 
other trajectories. It might happen, for example in cases of distributed robustness, 
that the post-intervention system changes not only the values of the variables, 
L�H��LWV�VWDWH��EXW�DOVR�WKH�IXQFWLRQDO�GHSHQGHQFLHV�DPRQJ�WKH�YDULDEOHV��)RU�VXFK�
cases, we need an account that tells which counterfactual scenarios are relevant for 
evaluating counterfactual claims about the non-perturbed system.
 Prima facie��WKHUH�DUH�WZR�RSWLRQV��)LUVW��RQH�PD\�FRQVLGHU�WKH�SHUWXUEHG�V\V-
tem at a later point in its dynamic evolution, but this can mask causal relations 
since the system may have changed, and backups may have been triggered as a 
result of the perturbation. Second, one may intervene on a non-disturbed system 
identical to the system of interest up to the time of interest. Which choice we make 
can affect what relations come out as causal.
 Since this is a question of when we can infer mediated causal relationships 
we need to get clearer on the general question of causal transitivity. The simplest 
general form of the standard counterexamples to transitivity requires a setup like 
the following:
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9DULDEOHV v1 v2 e
3RVVLEOH�YDOXHV {a, b} {1, 2, 3} {@, $}
3RVVLEOH�FKDQJHV (a, b) (1, 2) (@, $)

(b, a) (1, 3) ($, @)
(2, 1)
(2, 3)
(3, 1)
(3, 2)

v1 and e are binary variables, while v2� FDQ� WDNH� WKUHH�GLIIHUHQW�YDOXHV��3RVVLEOH�
changes are represented by ordered pairs of values of the variables. In general, for 
a n-ary variable there will be n(n-1) possible changes of values. The counterexam-
ples arise when the changes that can be brought about in v2 by intervening on v1 do 
not overlap with the changes in v2 that will result in changes on e.
 :RRGZDUG�JLYHV�DQ�H[DPSOH�ZKHUH�D�GRJ�ELWHV�KLV� ULJKW�KDQG��$W� WKH� W\SH�
level this can be represented by a binary variable taking the values {dog bites, dog 
does not bite}. The bite causes him to push a button with his left hand rather than 
with his right hand. This intermediate cause can be represented by the triadic vari-
able {pushes with right hand, pushes with left hand, does not push}. The pushing 
of the button causes a bomb to go off, represented by the binary variable {bomb 
H[SORGHV��ERPE�GRHV�QRW�H[SORGH`��$SSHDO�WR�FDXVDO�LQWXLWLRQ�WHOOV�XV�WKDW�WKH�ELWH�
causes the pushing, the pushing causes the explosion, but the bite does not cause 
the explosion. When there are no changes of v1 that result in changes in e, v1 is not 
a cause of e even though there is a chain of direct causal dependencies connecting 
v1 and e. Woodward’s way of dealing with the counterexamples is to deny that the 
DQFHVWUDO�RI�GLUHFW�FDXVDO�GHSHQGHQFH�LV�VXI¿FLHQW�IRU�FDXVDO�UHOHYDQFH��7R�JHW�D�
VXI¿FLHQW�FRQGLWLRQ�KH�UHTXLUHV�LQWHUYHQWLRQV�RQ�v1 that change the value of e when 
all variables not on the path from v1 to e�DUH�¿[HG�DW�VXLWDEOH�YDOXHV��7KLV�ODWWHU�
requirement, however, is too strong.
 What is needed to block the counterexamples to transitivity is a requirement of 
relevance and not of direct dependence. The changes brought about in v2 by chang-
ing v1 must be such that inducing some of those changes in v2 results in changes of 
e. This relevance requirement accounts for the problem cases of transitivity more 
surgically. In particular, it leaves open the possibility that the existence of the right 
kind�RI�FDXVDO�FKDLQ�LV�VXI¿FLHQW�IRU�FDXVDO�UHOHYDQFH��HYHQ�LQ�WKH�DEVHQFH�RI�GLUHFW�
dependence. In light of our earlier discussion of non-modular systems exhibiting 
GLVWULEXWHG�EDFNXS�PHFKDQLVPV��ZH�FDQ�XQGHUVWDQG�KRZ�VXFK�FDVHV�PD\�DULVH��$�
variable can be causally relevant for an effect further downstream a certain causal 
SDWK�3�� HYHQ� LI� FKDQJHV�RI� WKDW� YDULDEOH� WULJJHU� GLVWULEXWHG�EDFNXS�PHFKDQLVPV�
that counterbalance or nullify the effect of further changes that would have been 
EURXJKW�DERXW�DORQJ�3�
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 In cases of distributed robustness there may be backup mechanisms that mask 
causal relations by ruling out counterfactual dependence between the cause and 
effect. We have suggested that such cases can be handled by establishing mediat-
ed causal relations that are not grounded directly by counterfactual dependence. 
This requires a chain of mediating causal relations of the right kind, given by the 
relevance requirement. In dynamic cases with distributed robustness, how should 
we think about the relevance requirement and about the truth conditions for the 
counterfactual dependencies?
 Our tentative suggestion is that relevant counterfactuals should be evaluated 
by looking at systems that are similar to the systems of interest at the time changes 
are induced. When inducing multiple changes at different times, the counterfac-
tual scenarios involve systems that are similar to the system of interest up to the 
SRLQW�RI�WKH�UHOHYDQW�FKDQJH��(YHQ�LI�LW�LV�D�YDULDEOH�XSVWUHDP�WKDW�ZH�DUH�LQWHU-
ested in checking the causal relevance of, we should let the counterfactual target 
system evolve like the normal system up to the point of changes in downstream 
variables. In this way we avoid that distributed backups potentially triggered by 
earlier changes mask the mediated causal relationships we want to reveal. The way 
to think about truth-conditions for causal counterfactuals about systems exhibiting 
distributed robustness and non-modular behavior is to compare a normal system 
with different counterfactual systems subject to the same dynamic evolution as the 
normal system up to the time of changes of the mediating variables.
� 7KLV�LV�D�WHQWDWLYH�GH¿QLWLRQ�RI�FDXVDO�UHOHYDQFH��LQ�WKH�EURDG�VHQVH��IRU�V\V-
tems changing their dynamic evolution as a result of perturbations. It is designed 
to be a special case of the general philosophical analysis of causation that we 
started out with. There will also be dynamic analogues to restricted and actual 
causation, by restricting the relevant values to normal values and to actual values 
UHVSHFWLYHO\��'HYHORSLQJ�D�IXOO�ÀHGJHG�SKLORVRSKLFDO�DFFRXQW�DORQJ�WKHVH�OLQHV�LV�
a task for future work, but we hope to have made a convincing case for the philo-
sophical interest of representing the dynamics of causal systems.

6. CONCLUDING REMARKS

We have used biological examples of gene-redundancy and distributed robustness 
to suggest some extensions and revisions of the philosophical understanding of 
causation. The focus has been on cases of causation where there are no direct var-
iable-on-variable counterfactual dependencies, and we have suggested that chang-
ing the resolution of the causal representation is a natural move in such cases. 
This can be done by increasing or decreasing the resolution of the causal model. 
(LWKHU�ZD\�\RX�JR��FDXVDO�FODLPV�IDFH�WKH�WULEXQDO�RI�H[SHULHQFH�LQ�FRQFHUW��7KH�
relativization to a model puts the focus of causal investigation where it should 
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be; namely on generating good causal models, rather than establishing singular 
causal claims in isolation.
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