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Abstract

In recent years, biologists and philosophers of science have argued that evolution-
ary theory should incorporate more seriously the idea of ‘reciprocal causation.” This
notion refers to feedback loops whereby organisms change their experiences of the
environment or alter the physical properties of their surroundings. In these loops,
in particular niche constructing activities are central, since they may alter selection
pressures acting on organisms, and thus affect their evolutionary trajectories. This
paper discusses long-standing problems that emerge when studying such recipro-
cal causal processes between organisms and environments. By comparing past
approaches to reciprocal causation from the early twentieth century with contempo-
rary ones in niche construction theory, we identify two central reoccurring problems:
All of these approaches have not been able to provide a conceptual framework that
allows (i) maintaining meaningful boundaries between organisms and environments,
instead of merging the two, and (ii) integrating experiential and physical kinds of
reciprocal causation. By building on case studies of niche construction research, we
provide a model that is able to solve these two problems. It allows distinguishing
between mutually interacting organisms and environments in complex scenarios, as
well as integrating various forms of experiential and physical niche construction.
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Introduction

‘Reciprocity’ has become a buzzword in current biological parlance, especially
in debates about the purported reciprocal nature of many developmental and evo-
lutionary processes (e.g., Laland et al. 2011, 2013; Moczek 2015; Schwab et al.
2019; Uller and Laland 2019). Some biologists contend that the study of complex
feedbacks between developing organisms and their environments, which have
protracted evolutionary consequences, brings about important reconfigurations to
standard evolutionary theory (see Laland et al. 2011, 2013, 2015). At the same
time, a philosophical debate surrounding the novelty, limits and scope of the
theoretical tenet of ‘reciprocal causation’ has emerged (e.g., Dickins and Barton
2013; Scholl and Pigliucci 2015; Svensson 2018; Baedke 2019; Fabregas-Tejeda
and Vergara-Silva 2018a), primarily evaluating the concept’s epistemological,
explanatory, and heuristic roles in biological practice (Buskell 2019). From the
scientific side, niche construction theory (NCT; sensu Odling-Smee et al. 2003)
has stood at the forefront of this debate (Uller and Helanterd 2019), but allied
fields and research areas such as ecological evolutionary developmental biol-
ogy (eco-evo-devo) and developmental systems theory have also contributed (see
Schwab et al. 2019; Baedke and Gilbert 2020).

A common misassumption in this debate is that the reasoning about recipro-
cal interactions in evolution is a fairly recent development in the biosciences.
However, reciprocity has been theorized in many ways throughout the history
of biology. Firstly, a diversity of relata have been conceptualized as engaged in
reciprocal relationships: for instance, organism-environment, gene-environment,
gene-population, or population-population. Secondly, different kinds of reciprocal
relationships have been posited for these relata. For example, for the organism-
environment relationship, biologists have postulated ontological co-constitution,
mutual structural fitting, concomitant reaction, and reciprocal causation, among
others, as different hallmarks of reciprocity (for a different historical taxonomy,
see Di Paolo 2020).

Ontological co-constitution holds that organisms and their environments are
commingled and form a single interacting system that cannot be meaningfully
disentangled (e.g., Haldane 1884, 1935; Levins and Lewontin 1985; Griffiths and
Gray 1994; Oyama 2000; Walsh 2015:181, 2021; for an overview, see Baedke
2019; Pearce 2020). The view of mutual structural fitting between organism and
environment can be found in Lawrence J. Henderson (1913), who argued that,
besides considering organisms as structurally adapted to their surroundings, the
specific physico-chemical properties of the environment should also be regarded
as adapted, for they support the development of life: “The fitness of the environ-
ment is one part of a reciprocal relationship of which the fitness of the organ-
ism is the other” (Henderson 1913:271). Concomitant reaction refers to an event
that concurrently alters an organism and its environment. It resembles John Stuart
Mill’s (1843) law of coexistence. An example is the competitive exclusion prin-
ciple in ecology, which states that species that have similar niches cannot stably
coexist in the same place when their common resources are limiting (see Raerinne
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and Baedke 2015). Finally, reciprocal causation is usually defined as a feedback
loop between two interacting, yet separate entities or processes: “According to
the causal construal, organisms cause changes to the features of the environment
external to them. [...] These modified physical conditions, in turn, redound upon
the organisms” (Walsh 2015:180).

Here, from this vast array of views on reciprocity in ecology and evolution, we
will focus on organism-environment reciprocal causation, given that this has been
the main target of recent heated discussions about NCT and the so-called ‘Extended
Evolutionary Synthesis’ (Laland et al. 2015, 2017; see also Fabregas-Tejeda and
Vergara-Silva 2018b). In recent years, some evolutionary biologists have high-
lighted reciprocal causation as a theoretical and modeling principle due to its alleged
empirical aptness, claiming that reciprocal interactions are ubiquitous in evolution-
ary processes. Moreover, it could be used to explain stable, biased selection pres-
sures acting on organisms, and provide a conceptual framework that could poten-
tially extend the explanatory power and limited practices of standard evolutionary
theory (Buskell 2019; see also Baedke et al. 2020a). Nevertheless, as Buskell (2019)
appositely points out, this concept has remained ambiguous and it is still in need of
further philosophical clarification.

In this paper, we provide guidance to unknot organism-environment reciprocal
causation in current evolutionary and philosophical debates. We identify reoccur-
ring problems in these views and introduce a model for solving them. We begin by
providing a brief overview of some theorizations of organism-environment reciproc-
ity in early twentieth-century biology. Our historical narrative contextualizes the
study of reciprocity in novel ways by drawing on sources hitherto under-explored by
scholars and by explaining the decline of studies on organism-environment reciproc-
ity in evolutionary biology in the second half of the twentieth-century. We identify
two main theoretical problems in these early conceptual frameworks that contributed
to this development: They could not (i) maintain (meaningful) epistemic boundaries
between organisms and environments, but instead merged the two, and (ii) failed
to integrate physical kinds of reciprocal causation with those in which organisms’
experience of the environment plays a key role. These shortcomings led to methodo-
logical intractability and untranslatability to experimental interventions. Next, we
show how these problems are reoccurring in present-day debates on reciprocal cau-
sation in evolutionary biology, especially in NCT. In this sense, we demonstrate that
a better historical understanding of former debates on reciprocal causation can be a
guide for exposing unsolved challenges in contemporary scientific practice. Finally,
we propose a general conceptual and visual model of reciprocal causation that tack-
les these long-standing problems. By applying it to a number of niche construc-
tion (NC) cases, we illustrate how this model allows us to (i) distinguish between
mutually interacting organisms and environments, and (ii) integrate various forms
of experiential and physical NC. By doing so, we try to bridge the gap between con-
ceptual frameworks of NC and scientific practice. In particular, we show that the
organism-environment boundary is an epistemic necessity to understand complex
causality in NC processes, including the causal roles each component plays in them.

Our model disentangles seemingly inextricable reciprocal relations by
identifying characteristic causal patterns of different evolutionary relevant
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organism-environment interactions. This allows correlating different types of NC
within one common causal framework. In this context, it is important to stress that
we do not propose a new taxonomy of types of NC here. Rather, we move in a dif-
ferent direction: towards integrating and making sense of different processes that
involve reciprocal causation between organism and environment. Our model is able
to identify and distinguish between different kinds of reciprocal causal interactions,
clarify their characteristic causal patterns and integrate them even in complex evo-
lutionary scenarios that have been difficult to conceptualize thus far (e.g., those that
involve interactions of two or more species, or those in which physical and experi-
ential views of the environment must be integrated). This approach secures the com-
parability of NC methodologies and opens avenues for formalization to advance the
debates in the field.

Organism-environment reciprocity in historical context

In order to clarify the concept of reciprocal causation, especially in NCT, we first
need to understand how it was introduced and applied in the history of evolutionary
thought. In fact, clarifying this poorly understood conceptual history sheds light on
the theoretical challenges that reciprocal causation approaches to evolution still face
today.

Svensson (2018) argues that the ideas of causal reciprocity, and of organisms as
active modifiers of their selection pressures, mainly stem from the dialectical biol-
ogy of Levins and Lewontin (1985; see also Lewontin 1983). However, these ideas
are considerably older and theoretically richer. Already Haeckel (1866:1, 154; Ger-
man original) claimed that “reciprocity of every single individual with its entire sur-
rounding leads to the adaptation of its individual characters.” While he did not spell
out this notion in detail, other scholars in the late nineteenth century and particularly
the early twentieth century did. Especially organism-centered approaches to evolu-
tion, such as organicism, (German) holistic biology, and dialectical materialism (see
Nicholson and Gawne 2015; Baedke 2019), developed sophisticated views of organ-
ism-environment reciprocity.

For example, J.S. Haldane (1884:32-33) highlighted: “The organism is thus no
more determined by the surroundings than it at the same time determines them.
The two stand to one another, not in the relation of cause and effect, but in that
of reciprocity.” Holistic thinkers like Haldane expanded Immanuel Kant’s view of
reciprocity on the organization of organisms to the relation between organism and
environment. As Whitehead (1929: 185) puts it: “The relation of part to whole has
the special reciprocity associated with the notion of organism [...]; but this relation
reigns throughout nature.” He contended that evolutionary research should acknowl-
edge that “organisms can create their own environment” (Whitehead 1929: 140).

Let us take a brief look at three early advocates of causal reciprocity—Jakob von
Uexkiill, Adolf Meyer-Abich, and Conrad Hal Waddington—to see how the above
general ideas were developed into theoretical frameworks for biology. Uexkiill
(1928) conceptualized the environment (Umwelt) as constructed through the sen-
sorial exploration of each organism. He argued that each organism is reciprocally

@ Springer



Unknotting reciprocal causation between organism and... Page50f29 48

Fig. 1 Uexkiill’s model of recip-
rocal organism-environment
interaction. A simplified schema
of the ‘function-circle.” The
organism (subject) perceives

a ‘carrier of a feature’ of the
environment (object) in its ‘per-
ception world’ and reciprocally
acts on and shapes the same
environment (as a carrier of

this effect) in its ‘effect world.” Effect
(After Uexkiill 1928:158) organ

Perception world

Carrier of a
feature

Perception
organ

Carrier of an
effect

Effect world

connected with its own environment, which it subjectively perceives and acts upon.
Thus, the environment contains a ‘perception world,” which is experienced through
sense receptors and processed neurally, and an ‘effect world,” in which the organism
causally acts on the environment through various traits and behaviors. The organ-
ism’s perceptions and actions together create a causal feedback loop or ‘function-
circle’ (Funktionskreis) between the perception world and the effect world (see
Fig. 1). For example, when organisms explore new environments, they attempt to
establish new functional circles (e.g., by changing nutritional habits). If this action
is not rewarded (i.e., a functional circle cannot be closed, e.g., when the new diet
is not nutritious), the organism gives up this environment (switching back to old
nutritional habits or exploring new ones). During this process, the environment
causes the organism to rewire neural networks and physiological receptor-reaction
connections.

Uexkiill’s view of reciprocity conceptualizes the organism-environment relation-
ship as highly individualized and mediated through experience (see Brentari 2015).
It is likely because of this that it had only limited influence on evolutionary biology.
One of the few scholars that drew extensively on Uexkiill was Adolf Meyer-Abich
(1943, 1964). His evolutionary reciprocity theory of holobiosis anticipated central
elements of Lynn Margulis’ theory of endosymbiosis and introduced the holobiont
concept around 50 years before her (Baedke et al. 2020b). Meyer-Abich argued that
macroevolutionary change is driven by reciprocal processes between increasingly
integrated organisms, which first constitute symbiotic partners, then holobionts, and
finally systems of organs in a larger whole. At the crucial evolutionary stage of holo-
biosis, the formerly independent units can no longer develop on their own. Holo-
bionts are able to realize novel traits and explore new environments. For example,
in ‘lichen holobiosis,” through the increasing interaction between green algae and/
or blue-green algae and fungi, a new metabolic unit with new traits (novel metabo-
lites and reproductive bodies) emerges over evolutionary time. This unit has a new
energy-status, which allows accessing an unexplored ecological niche. In short,
during holobiosis symbiotic organisms create new environments, which they both
act on and experience in a novel manner. This view integrates previously distinct
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‘function circles’ through organism-organism reciprocal causation (Meyer-Abich
1942). Organisms do not only construct their own individual environment (sensu
Uexkiill), but also construct integrated and shared environments for one another.

Another evolutionary take on reciprocal causation was developed by Conrad Hal
Waddington. He argued that evolution involves changes in explorative behaviors
(what he called ‘exploitive systems;’ see Waddington 1957:104—-108, Waddington
1959a). These include the influence exerted by the organism on its environment,
leading to feedback loops with selection pressures: “Animals [...] themselves select
the particular habitat in which their life will be passed. Thus the animal by its behav-
iour contributes in a most important way to determining the nature and intensity of
the selective pressures which will be exerted on it” (Waddington 1959a:1635-1636).
Waddington urged biologists to abandon two common views on the organism-envi-
ronment relationship: First, “[n]atural selection is far from being as external a force
as the conventional picture might lead one at first sight to believe” (1959a:1636).
Second, “we have to think in terms of circular and not merely unidirectional causal
sequences” (Waddington 1959b:400). As we will see below, it was these very two
views, namely constructivism instead of externalism and causal reciprocity instead
of unidirectional causality, that came under attack in evolutionary biology.

Theoretical problems and decline of organism-environment
reciprocity

Traditional approaches of organism-environment reciprocal causation suffered from
two main problems, already hinted by some scientists at the time, which contributed
to their demise in the second half of the twentieth century: (i) Scholars were unsuc-
cessful in retaining meaningful boundaries between organism and environment, and
thus frequently proposed views of reciprocity in which organism and environment
are merged, making them intractable for empirical studies; and (ii) there was lit-
tle integration of experiential and physical views of the environment impinging on
organisms. As we will see below, these problems are re-emerging in today’s debate
regarding reciprocal causation and NCT.

(i) Many early twentieth-century authors held holistic viewpoints apropos the
organism-environment relationship in which it is impossible “to distinguish sepa-
rately the factors concerned,” and life is regarded as an “integrated unity cov-
ering both organism and its environment” (Haldane 1935:12; see also Uexkiill
1909:196).! In that same line, Waddington (1957:189) claimed that “organism and
environment are not two separable things.” But this stance of organism-environment
inseparability, in which reciprocal interactions constitute each other into a single

! In a similar manner, American pragmatists like John Dewey defended a view of organism-environment
inseparability (Pearce 2014, 2020). They often adopted an ontological reading where organism and envi-
ronment could not be disentangled, unless abstracted. For example, Dewey claimed in his ‘The Reflex
Arc Concept in Psychology’ that stimulus and response are not separate entities (see Pearce 2020:180).
In this paper we do not discuss this kind of ontological co-constitution between organism and environ-
ment (what Pearce labels the ‘dual aspects view’), but reciprocal causation.
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system, was also heavily criticized. Against Haldane, for instance, Joseph Needham
(1936:10-11) highlighted: “we easily see that his demand for the unification of the
organism and its surroundings is a methodologically impossible aim, for if no line
can be drawn between organism and immediate surroundings, no better line can be
drawn between immediate surroundings and far-off surroundings.” According to
Needham, biologists need individuation criteria in order to carry on their research,
otherwise they are unable to tell apart any organic system from another or envi-
ronmental features relevant to the organism from those irrelevant to it. This was a
common problem of strong views of reciprocity. For example, dialectical biologist
Marcel Prenant (1943:61) spoke of an “organism-environment complex” in which
causes and effects become indistinguishable. In general, this shared position led sci-
entists to blur the boundary between organism and environment, resulting in meth-
odological problems for biological practice. In that vein, many biologists saw organ-
ism-environment reciprocity as intractable (or harder to assay) in empirical studies,
or maintained that explanations appealing to this principle have particular epistemic
demands that call for different research strategies (e.g., Labouvie 1974).

(i1) Another main problem was that, for many biologists, the concept of ‘environ-
ment’ defended by reciprocity theories had shortcomings. Uexkiill’s ‘sense physi-
ological’ characterization of environment was deemed too narrow. Authors argued
that the environment experienced by any organism (e.g., through its sensory recep-
tors) is not the whole (relevant) environment for it (e.g., Hartmann 1950). Although
not experienced, physical environmental factors can have causal consequences over
organisms and their evolutionary trajectories. Moreover, the notion of experience
was a heavily debated topic (e.g., Bierens de Haan 1947) and most researchers ada-
mantly opposed to studying anything reminiscent of subjectivity (e.g., Tinbergen
1963). In sum, theories of organisms-environment reciprocity failed in providing a
clear understanding of how experienced and physical environments are related, and
how they can be integrated under one conceptual framework.

The decline of organism-environment reciprocity views in the second half of the
twentieth century was also part of a more general trend that displaced the organism
as the central, causally efficacious unit of biology, and supplanted it with the gene
(Nicholson 2014; Baedke 2019). At least two stands can be identified in this trend:
The marginalization of views of organism-environment reciprocity and a shift to
study reciprocity in other relata; and the (re-)establishment of externalism as one of
the main explanatory principles in evolutionary biology, thereby excluding notions
of ‘individual experienced environments.’

First, a move away from studying organism-environment reciprocity was wel-
comed by classical and population geneticists. Clear boundaries between organisms
and environments are a stipulation for fruitful research and “a practically and theo-
retically valuable abstraction” in those fields (Haldane 1936:349). Moreover, main-
stream evolutionary biology was dominated by an asymmetric, unidirectional view
of the organism-environment relationship (e.g., Williams 1992:484). The organism
was downplayed as a causal agent that constructs its environment, and thus its own
development and evolution.

Around the same time, gene-environment reciprocity was increasingly considered
in population genetics (e.g., Haldane 1946; Lerner 1950; Falconer 1952), and studied
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through statistical tools like path analysis (Wright 1960). New models of reciprocal
interactions of genes-populations and genes-environments (e.g., Fisher 1930; Kirk-
patrick 1982; for overviews, see Reznick 2013 and Svensson 2018) focused, among
other things, on positive and negative frequency-dependent selection (e.g., Fisher
1930; Wright 1969; Charlesworth 1971), population regulation by genetic feedbacks
(e.g., Pimentel 1968), and eco-evolutionary dynamics (e.g., Thompson 1998). Their
advantages notwithstanding, the vast majority of these evolutionary models did not
encompass organism-environment reciprocal causation, despite what some scientists
claim (Brodie IIT 2005; Svensson 2018). Reciprocity was usually studied for other
relata, but not for whole organisms and their environments.

Second, an overt ‘externalist logic’ in evolutionary explanations reigned supreme
(see Godfrey-Smith 1996; Walsh 2015), and the main concepts of environment
employed in the field attest to that shift (see Brandon 1990; see also Antonovics
et al. 1988): Views of ‘individual environments,” like that of Uexkiill, were replaced
by populational vantage points. Brandon (2012) contends that, although no two
organisms will ever interact with the same environment, they need to be seen as
members of a homogeneous, shared selective environment (i.e. factors external to a
population that affect its members’ relative reproductive success). Explaining evolu-
tionary changes in genotype frequencies requires that two different genotypes share
an external selective environment to which one is better adapted than the other (see
also Walsh 2021).

This externalist logic impoverished the diverse roles previously granted to the
environment in development and evolution. Evolutionists commonly overestimated
the causal influence of the selective environment on organisms, and increasingly
downgraded the influence of the non-selective environment: “Environment vari-
ance is a source of error that reduces precision in genetical studies, and the aim
[...] is therefore to reduce it as much as possible” (Falconer 1960:140). Waddington
(1957:189) bitterly complained about this drawback: “Any further influence which
the environment might have was degraded to the status of mere ‘noise’ in the system
of genetic determination.”

In the next section, we will turn to new views defending organism-environment
reciprocal causation that are currently emerging in evolutionary biology. With a
focus on NCT and the novel taxonomies of types of NC that have been recently pro-
posed, we will show that the same problems (i) and (ii) that plagued early organism-
environment reciprocity perspectives are still lingering in the field.

Niche construction theory and reoccurring problems

The idea of organism-environment reciprocity has recently made a comeback in
evolutionary biology (Laland et al. 2011, 2013, 2015; Mesoudi et al. 2013; for dis-
cussion, see Fabregas-Tejeda and Vergara-Silva 2018a, b; Svensson 2018; Buskell
2019; Baedke 2019). This development has been stirred by a growing interest to
again center evolutionary reasoning on the organism (Nicholson 2014; Laland et al.
2013, 2015, 2017; Moczek 2015; Sultan 2015; Walsh 2015), including organisms’
phenotypic plasticity and NC behaviors, which, as feedback circles, modify the
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natural selection pressures impinging upon them (Lewontin 1983; Sterelny 2001;
Odling-Smee et al. 2003; 2011; Chiu and Gilbert 2015, 2020). NCT argues that
organisms are not only effects of adaptation, but also causal starting points of evolu-
tionary trajectories. This view of reciprocal causation has recently led to a number
of different taxonomies distinguishing diverse kinds of feedback processes in NC.?

According to Aaby and Ramsey (2019), during NC, organisms alter the feature-
factor relationship between themselves and their environments in three different
ways: by affecting environmental factors, by changing their features (traits), or by
modifying the relation between organismic features and environmental factors. They
call these external, constitutive and relational NC, respectively (for definitions, see
Table 1, 1-3). In contrast, Chiu (2019) distinguishes physical NC from experiential
NC (see Table 1:4-5), depending on whether organisms change the intrinsic physical
properties of the environment or the way the environment is experienced, without,
however, physically changing it. In this taxonomy, relocational NC and mediational
NC are subtypes of experiential NC.

These taxonomies of types of NC-—distinguishing physical/external, constitu-
tive, relational, and experiential (including relocational and mediational) NC-have
enriched our understanding of reciprocal organism-environment interactions in
development and evolution. At the same time, however, despite these conceptual
improvements the current debate about different types of NC still faces the same
problems that theories of reciprocity could not solve in the early twentieth century:
participants in this debate usually (i) do not spell out on what grounds meaningful
boundaries between organisms and environments can be maintained and exploited
for research purposes, and/or (ii) provide no guidance for how to integrate experien-
tial and physical forms of reciprocal causation.

(i) By building on a rather externalist view of the niche (Brandon 1990), early
NCT constructed organisms and environment as separate entities (Odling-Smee
et al. 1996, 2003). Discounting relocation, every instance of NC was construed as
an alteration of the physical properties of the environment. The role of organis-
mal experience as an active causal factor in reciprocal interactions was not a cen-
tral element of early NCT. Afterwards, influenced by developmental systems the-
ory (Oyama 2000; Griffiths and Gray 2001) and its prominent assumption that “[t]
here is no distinction between organism and environment” (Griffiths and Gray 2001:
207), more constructivist views of the environment emerged in NCT. Similar to J.S.
Haldane’s or Uexkiill’s earlier ideas, present-day strands of NCT often highlight
the centrality of the organism in evolution, but, at the same time, merge organisms
with environments and argue, more generally, that they are “engaged in reciprocally
caused relationships [...], entwined in, to coin a very apt phrase from developmental

2 We focus on the works of Aaby and Ramsey (2019) and Chiu (2019). Both can be seen as conceptual
updates to the original taxonomy of NC types by Odling-Smee et al. (2003:44—45). We should stress,
however, that outside of NCT and its taxonomies, there exists a broader trend to study organism-environ-
ment reciprocity in evolutionary biology and ecology (from ecosystem engineering and habitat choice, to
developmental plasticity and active sensory mediation of environmental cues).
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systems theory, ‘cycles of contingency’” (Laland and O’Brien 2011:193; see also
Laland and Brown 2018:127).

Sonia Sultan holds that we have to accept the “difficulty of identifying a mean-
ingful boundary between the organism and the environment [because] individual
phenotypes inevitably affect both the external environment and the organism’s expe-
rience of that environment” (Sultan 2015:44—45). For example, she highlights that,
when day length changes, pregnant meadow voles (Microtus pennsylvanicus) alter
a key hormonal signal in their offspring. Due to a change in parental experience
autumn-born pups develop thicker coats compared to summer-born pups, and this
affects how they experience and interact with their environment. By acknowledging
such reciprocal connections between the organism’s experience and external envi-
ronment, Sultan expresses discomfort with the organism-environment distinction.
Interestingly, she develops her critique along the same arguments about the intercon-
nectedness of organisms’ ‘perception world’ and ‘effect world’ that already made
Uexkiill (1909:196) contend that the environment forms an “inextricable whole”
with the organism.

Walsh (2021) links another inseparability view to reciprocal causation. He argues
that “[t]wo causes, x and y, are reciprocal just if the effect that x has on y at time 7 is
dependent upon the effect that y has on x at time ¢’ (original emphasis). He asserts
that when an environment’s effect on an organism is a concomitant consequence of
the organism’s effect on that environment, one cannot explain the dynamics of the
overall system by apportioning it to the effects of each component, thereby making
the system inseparable. This view is, strictly speaking, not one of reciprocal causa-
tion, but one of synchronic ontological co-constitution, similar to that of Haldane
(1884, 1935). However, Walsh understands his inseparability thesis to also be of
relevance for temporally expanded processes of reciprocal NC (e.g., Laland et al.
2016).°

These recent arguments for organism-environment inseparability open the way
for anti-individualistic positions in NCT (see Baedke 2019). These views are meth-
odologically problematic given that NCT needs to be able to clearly individuate the
organism and its causal roles. This is because this approach tries to conceptualize
and study the organism as a causal agent, different from its environment, which
actively molds its own niche and evolutionary trajectory. Moreover, as noted in
the previous section (see Needham 1936:10-11), the holistic stance of organism-
environment inseparability is troublesome because it does not solve, ipso facto, the
problem of ‘individuation’ of biological units. Claiming that organism and environ-
ment form an inextricable unit still carries the burden of proof of how to individuate
such a system (i.e., how to separate it from other systems). Individuation is thus una-
voidable for distinguishing between proximal and distal environments of a particular

3 Below we do not aim at solving cases of synchronic inseparability, i.e. ontological co-constitution.
Rather, within a Humean view of causation (in which effects follow causes over time), we address cases
of NC in which diachronic organism-environment relations are considered to be inextricable. We take
these problems to be the cornerstone of current explanatory efforts in evolutionary biology that link con-
structive behaviors and environmental properties, rather than the metaphysical thesis of co-constitution.
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system (e.g., what elements of the physical world are included in this system and in
what spatio-temporal scales) as well as for clarifying the units of physiological and
ecological interaction, for recognizing which biological systems can legitimately
claimed to be ‘causal agents,” for distinguishing between one or more conspecifics in
a community or population, and for individuating the components in multi-species
collectives such as holobionts. In that sense, the holistic view of organism-envi-
ronment inseparability does not address the problem of individuation of biological
units, but simply pushes it aside.

(i1) Besides the old inseparability problem, a second challenge reoccurs in today’s
reciprocity views on NC. It concerns the lack of integration between approaches
of physical and experiential NC. While already Lewontin (Levins and Lewontin
1985:98-106; Lewontin 2000:55-68) (re)introduced the idea of experiential NC,
this concept has not had a major impact on NCT to this day (see Chiu 2019). For
example, critics have contended that ‘mediational NC’ is nothing but a phenotypic
response to selective environmental pressures and that changes in environmen-
tal experiences should not be mixed up with changes in the environment (Bran-
don 1990; Godfrey-Smith 1996, 2001). Doing so might result in defending anti-
realistic and insoluble holistic positions in which organisms subjectively construct
environments.

While, in recent years, we have seen a number of approaches that try to strengthen
the idea of experiential mediation of the environment in evolution (Walsh 2015,
2021; Sultan 2015; Chiu 2019; Chiu and Gilbert 2020), at least some of them suf-
fer from the older Uexkiillian stance of reinterpreting the whole environment of the
organism as nothing but the experienced environment. For those that want to avoid
this step, arguments have to be provided for how exactly the evolutionary relevant
physical environment of organisms differs from their experienced one, why certain
downstream physical effects on the environment can be distinguished and excluded
from the processes of experiential NC, and how exactly experience affects evolution
(e.g., population dynamics) differently from physical effects on selection pressures.
These challenges, together with older anti-holistic objections, still lead to a lack of
integration between approaches of physical/external and experiential NC, and of the
application of experiential NC in evolutionary theory more generally.*

Here, we do not argue for a conceptualization of the environment as “a wholly
external, autonomous, causally unified entity” (Walsh 2021:3). In fact, we side with
Walsh in pointing out that this construal of the environment is an abstraction that,
according to the historical narrative of the previous section, solidified in evolution-
ary biology after the decline of organism-environment reciprocity theories in the
second half of the twentieth century. Nevertheless, contra Walsh (2021), we con-
tend that the proper apportioning and disentanglement of causal contributions in
protracted interactions between organisms and environments is something important
and feasible in the study of complex evolutionary scenarios.

* We understand integration of experiential and physical NC to depend, first, on identifying and distin-
guishing the two (rather than substituting one by the other), and, second, on providing clear guidance and
criteria on how both types of NC work together and are linked in complex evolutionary scenarios.
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We will now introduce a model that aims at solving these two long-standing
problems of organism-environment reciprocal causation. It allows distinguishing
between organisms and environments in all of the types of NC described in current
taxonomies. To do so, this model does not develop a particular theory of biological
boundaries.’ However, it implies rejecting the general idea that boundaries between
organisms and environments collapse due to reciprocal interactions over develop-
mental and evolutionary time. In fact, it makes possible maintaining epistemically
set boundaries between the two even in complex reciprocal evolutionary dynamics.
In addition, it not only countenances distinguishing different types of experiential
and physical NC, but provides a shared conceptual and visual framework that makes
it possible to relate and integrate the two.

Unknotting reciprocal causation in physical niche construction

Previous conceptualizations of the relationship between organisms and environ-
ments have been strongly driven by visual approaches, especially by diagrams rep-
resenting their cyclical connection (see, e.g., Fig. 1; see also Di Paolo 2020). We tie
in with this tradition, as visual representations can indeed play powerful epistemic
and heuristic roles. They allow organizing and guiding scientific and philosophical
reasoning by supporting the articulation of novel concepts, pointing to relations and
anomalies not expressed verbally in theories, and encouraging the clarification of
implicit assumptions. In addition, they can guide scientific practice by coordinating
methodological strategies and facilitating formalization (Waddington 1977; Griese-
mer 1991; Baedke and Schottler 2017).

Despite these general advantages, past and present visual models of the relation-
ship between organisms and their environments typically show some limitations.
For example, in line with the long-standing problems discussed above, they usually
depict organism and environment as partaking in a seemingly inextricable recipro-
cal loop (see Fig. 2a; see also Levis and Pfennig 2017; Laland et al. 2017; Di Paolo
2020). Therefore, a first step towards unknotting organism-environment reciprocal
interactions would require distinguishing between the two components. This means
that some causal processes occurring in the organism are relatively autonomous
from the environment, and vice versa (see Toepfer 2012). Thus, in addition to causal
pathways connecting organism and environment, we have to incorporate others that
start and end within the limits of the organism and within the limits of the environ-
ment (see Fig. 2b). The resulting model of reciprocal causation, nevertheless, is still
conceptually intractable as such depictions of loops cannot convey an understanding
of how causal processes in and between organism and environment occur over time.
A second unknotting step, then, consists of unrolling the organism-environment
cycle to make explicit the sequential character in which reciprocal causation occurs

> Although we are not trying to define a particular boundary between organisms and environments,
our model offers a way of demarcating biological individuals from their surroundings by clarifying the
causal structure of each interacting component. For a similar strategy, see Sterner (2017).
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(see Fig. 2¢). In that sense, if we epistemically grant that organism and environment
are distinct, we can articulate the complex causal relations between them as well as
how they are modified through each component and unfold over life histories.

We propose a refined version of this ‘open-loop’ model to represent organism-
environment reciprocity (see Fig. 2d). Its components are two ordered series of
states of the organism and the environment (O and E, respectively), and arrows rep-
resenting causal processes between their states, as well as between successive states
of the organism and successive states of the environment.® For instance, the interac-
tion between organism and environment at state n (symbolized as O, and E,) caus-
ally contributes to the next state of the organism, the environment, or both (O,
and E, ;). Accordingly, the diagram includes an arrow from E, to O, ;, one from
0, to E,,;, or both. If we represent all the possible causal relations, we obtain a
basic unknotted causal model of organism-environment reciprocity (see Fig. 2d).”
The causal relations between, say, an organism state and a successive environment
state can be conceptualized as being invariant under a range of counterfactual inter-
ventions on the organism state. In short, an arrow connecting two states of organism
and environment indicates that these states are causally related in an interventionist
sense (Woodward 2003).

This kind of diagram is rather unilluminating unless we weigh the arrows accord-
ing to their relevance for a particular causal explanation. This process leads to the
identification of certain invariant causal paths that connect particular changes in
states of the organism and the environment. In this view, some arrows (but not oth-
ers) represent meaningful explanantia addressing regularly occurring causal cou-
plings of organisms and environments. The precise interpretation of the states and
relations depends on the causal narrative a scientist is putting forward, given a par-
ticular research case. It should be kept in mind that highlighting certain pathways
(i.e. including them in an explanans) does not imply that non-highlighted causal
arrows do not exist, but instead that we can (to some degree) abstract from their
causal effects. Thus, the totality of causal relations is always at play.

Let us now illustrate this visual and conceptual model of reciprocal causation by
applying it to a well-known case of external/physical NC (sensu Chiu 2019; Aaby
and Ramsey 2019). Reef-building corals dramatically alter the physical and chemi-
cal conditions of their environments mainly by secreting calcium carbonate skel-
etons. These accumulate and form complex structures that constitute habitats for
hundreds of other species (Jones et al. 1994). These environmental changes have
reciprocal effects on corals. For instance, some macroalgae and sponges that settle

6 Please note that although time is implicit in these causal arrows, a series of states should not be inter-
preted as a series of regular time intervals, since the time scale at which organismic and environmental
processes occur might vary within one series.

7 Krakauer et al. (2020) recently proposed a similar diagram, but with the different aim of identifying
biological individuals as quantitative patterns of information flow. For a different diagram of organism-
environment relationships, see Ay and Lohr (2015). In addition, our causal diagrams should not be
understood as representing inter-level relations as those traced in neo-mechanistic approaches of explana-
tion. In more complex scenarios of NC (see Figs. 3-5 below) it is neither clear what is a higher or lower
level nor whether experience qualifies as a level of organization at all.
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Fig.2 Unknotting organism-environment reciprocal causation. a Organism (O) and environment (E) par-
take in a loop of reciprocal interaction. b Additional loops represent intrinsic causal processes in the
organism and environment. ¢ Organism-environment interactions as in (b) but depicted in a sequential
manner. d Model of organism-environment reciprocal causation with a succession of states. Subscripts
indicate different states of the organism and the environment, and arrows represent causal contribu-
tions. e Application of the model (d) to the case of physical niche construction in reef-building corals.

The highlighted arrows and states of corals (O) and their environment (E) constitute a causal path that
matches a sequence of steps (1-3) in a causal narrative. For details, see text

n+1

in coral reefs compete with corals for space, light, or food resources (see Sultan
2015 and references therein). This NC case is represented in Fig. 2e. The causal nar-
rative underlying the explanation of physical NC in these corals is highlighted in the
figure (sequence 1-3). Corals (O, _;) in a given environment (E,_;) secrete calcium
carbonate. This (1) causes changes in the species composition of the environment,
which in the next state (E,) includes some species that newly compete with corals
(0,), thus having (2) causal downstream effects on corals’ survival, development, or
reproduction, i.e., the next state of the corals (O, ;). Corals, in turn, may respond to
these environmental changes by (3) modifying the environment in a new round of
NC. This simplified narrative could be enriched by adding intermediate steps within
the causal path. Depending on the case under study, the sequence could also start
with an environmental change that alters the organism, with that organism affecting
again the environment at a later time point.

In the next section, we will explore how our model can be expanded to incorpo-
rate the causal processes of experiential NC. This extension will be crucial to tackle
the second problem of reciprocity theories, namely how to integrate physical and
experiential NC.
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Experienced environments and niche construction

In recent years, there have been increasing efforts to show that experienced envi-
ronments and experiential NC do not, in fact, necessarily open the door to spuri-
ous, subjectivist, anti-realist and insoluble holistic views on the organism-environ-
ment relation (Walsh 2015, 2021; Sultan 2015; Chiu 2019). In addition, outside the
NCT literature there exists a large body of fruitful ecological projects that study, for
example, how landscape features drive avoidance behaviors through experiences of
fear and disgust (Sheriff and Thaler 2014; Gaynor et al. 2019). While these devel-
opments suggest that problems of integrating physical and experiential reciprocal
processes between organism and environment might not be as widespread in ecol-
ogy as they are in evolutionary biology, unfortunately, these new conceptual frame-
works have not yet exerted influence on evolutionary methodologies. For instance, it
remains largely unclear how shifts in organisms’ experiences can change selection
pressures acting on them or establish individualized niches (but see Sultan 2015;
Chiu and Gilbert 2020; Miiller et al. 2020). We believe this is not least due to the
fact that advocates of experiential NC often endorse a view of organism-environ-
ment inseparability (Levins and Lewontin 1985; Sultan 2015; Walsh 2015, 2021),
which can make methodological implementation difficult.

We try to bridge this gap between conceptual frameworks of experiential NC, on
the one hand, and scientific practice, on the other, by integrating experienced envi-
ronments into the above model-however, without merging the whole environment
with the organism. In our model, the ‘experienced environment,” variable Ex (see
Fig. 3a), represents a mediating interface between organism and physical environ-
ment. It constitutes the sum of environmental cues (temperature, pressure, location,
etc.) that can causally affect this interface and thus the organism.® Ex is meant to
convey four basic ideas. First, what is a cue depends on the organism’s sensory sys-
tem and the way the organism modulates its behavior to choose certain environmen-
tal factors (see Sultan 2015). Second, experienced cues are transduced into chemical
and cellular processes (which regulate, e.g., gene expression patterns or microbiome
composition), and finally lead to metabolic, morphological or behavioral changes.
Third, a difference in Ex between two organisms living in the same environment
E means that E is experienced differently by each organism (e.g., as favorable or
unfavorable, as stressful or non-stressful). Individual experiences are then directly
linked to the ecological performance of these organisms in E, and hence affect their
distribution and potentially their evolutionary trajectories. Finally, and most impor-
tantly, a change in Ex means a change in the relation of the organism to its physical

8 In some organisms, environmental cues are compared with internal organismic cues (e.g., body
growth, change in hormone levels, hunger, etc.) to adjust physiological or behavioral responses.
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environment, without alterations of the intrinsic properties of the external environ-
ment (Chiu 2019).°

Let us now discuss how this expanded model represents different types of expe-
riential NC, i.e. constitutive, mediational, relational and relocational NC.'° Organ-
isms that conduct constitutive NC actively construct the experiences of their envi-
ronments through their plastic behavior and development. Aaby and Ramsey (2019)
exemplify constitutive NC with a lion (O,_;) that changes its size, strength, and
coordination as it develops (see Fig. 3b, sequence 1-3). Through this maturation and
changes in bodily constitution (1), the experienced space of possible prey (Ex,) is
transformed (2). The ingestion of larger prey then affects the constitution of the lion
(3), which has ecological downstream effects. Aaby and Ramsey (2019:11) assert
that “the development of the lion is thus partly responsible for the construction of its
niche.” In short, experienced environments are in part created by intrinsic develop-
mental processes.

Different from that, mediational NC describes changes in the impact and sig-
nificance of the environment for the organism that are due to novel ways of how
the environment is experienced, but without physical modifications of it (see Chiu
2019). Mediational NC can happen within or across generations, but all instances
show the same causal pattern (see Fig. 3c, sequence 1-3).!" An example of media-
tional NC is nutrient foraging in Arabidopsis thaliana (see Giehl and von Wirén
2014; Sultan 2015). Plants are able to respond to nutrient shortage or localized nutri-
ent availability by altering their root system architecture to efficiently explore certain
zones of the soil that contain limited resources. As Sultan (2015:80) notes: “plants
are able to experience an environment that is consistently high in nutrients despite
this resource patchiness because of the developmental and physiological plasticity
of root systems.” Low levels of nutrients in the soil (E,_;) produce a shift in the way
the plant (O,_;) experiences the environment (Ex,_;), i.e. as unfavorable (1). This
causes developmental and physiological changes in the plant, i.e. primary or lateral
root elongation (2), which then affect how the plant experiences its environment, i.e.
as nutrient-rich (3). This experience can then stop further physiological changes in
the plant (4).

9 In many cases of experiential NC, however, there are also causal downstream effects on the physical
environment.

10" For reasons of simplicity, in the examples discussed in this section we do not consider (and abstract
from) direct physical effects on the organism that are not mediated through organisms’ experience (but
see Fig. 5b below).

' An example of transgenerational mediational NC is the case of pregnant meadow voles discussed
above. Here a change in day length during pregnancy leads to pups with thicker coats that are born in
autumn, which again affects how they experience their environment.
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Fig.3 Experienced environments and niche construction (I). a Basic model of reciprocal causation
between organism (O) and environment (E) including experienced environment (Ex). b Application of
the model to an example of constitutive NC, in which the development of a lion (O) changes its experi-
ence (Ex) of potential prey in its environment (E). ¢ Example of mediational NC, where the experience
(Ex) of low levels of nutrients in the soil (E) causes physiological and developmental changes in a plant
(0), which subsequently change the plant’s experience. For the numerated sequence of steps along these
paths, see text

Yet another causal pattern comes to light in the case of relational NC (Aaby and
Ramsey 2019), where organism-organism interaction mediates changes in the expe-
rienced environment, without organisms modifying their constitution or their envi-
ronment. These biotic interactions can be represented as two interlinked sequences
of reciprocal organism-environment interactions (see Fig. 4a, sequence 1-3). One
example is mice that pile up to keep warm (Aaby and Ramsey 2019). If their nest
gets cold, mice (O,_; and O’,_,) physically interact with one another, which affects
the rates of heat loss just by existing in physical proximity (1). This causes mice to
experience their environment (Ex, and Ex’,) as warmer than it actually is (2), as
this behavior does not actually change the physical temperature of the nest.'? The

12 Note that in this example the environments Ex and Ex’ are the same.
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individual experience of mice then again modulates their behavior to continue or
stop piling up (3).

Finally, our model can represent relocational NC as a break in the continuity of
the sequence of environmental states. This occurs during an experience-mediated
transition of the organism from one physical environment to a new one. One exam-
ple is the migration of anadromous fish from the ocean to rivers to spawn (Fig. 4b,
sequence 1-5). Migrating behavior (0,) can be triggered by fish’s experience (Ex,,_)
of certain environmental conditions in the ocean (E,_,), like population density, food
availability or climatic variability (1). This exposes the fish to a series of transitional
environments (E,) during migration (2), the experience of which (Ex,) continuously
modulates its behavior (3). Finally, after continuous migration (4), the experience
(Ex,, ;) of a favorable environment, a certain river (E’,, ;), triggers a change in fish’s
behavior, which stops migrating and chooses that environment to spawn (5).
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Fig.4 Experienced environments and niche construction (II). a Example of relational NC. In a cold nest,
mice (O and O’) pile up to change the experience of the temperature of their environment (Ex and Ex’),
but not the actual temperature in the nest (E and E’). b Example of relocational NC. Environmental cues
(E) cause migration of anadromous fish from the ocean to rivers, during which fish experience (Ex,) dif-
ferent transitional environments (E,), out of which the organism chooses one (E’) in which it spawns. See
details in the text
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This model has several advantages. First, as the above examples show, it allows
representing highly different forms of experiential NC in a single conceptual and
visual framework. It makes it possible to identify these forms through their charac-
teristic causal patterns, which emerge from particular reciprocal organism-environ-
ment interactions. Second, this model does not need to merge organism’s physical
and experienced environments, but can keep them conceptually distinct. It rec-
ognizes that there are cases of physical NC that are not experiential NC, and vice
versa.'? In other words, it avoids the persistent stance that reduces all ecologically
and evolutionary relevant physical factors to individual experienced environments.
As an alternative, we hold that there are instances of relevant physical effects on the
organism that are not directly experienced by it. For example, some wavelengths
of radiation cannot be experienced by most organisms but can cause evolutionary-
relevant genetic mutations in them. In the case of many mammals, ionizing radiation
affects DNA directly, without receptor or sensory mediation, which can have con-
sequences in their evolutionary trajectories (e.g., Adewoye et al. 2015; Kesédniemi
et al. 2020)."

Third, and related to the previous point, this model avoids an inflationary con-
strual of organismic experience, in which every single influence on the organism
causing some internal reaction is mediated by inbuilt sensory filters. Instead, it pre-
supposes that Ex shows a sufficient degree of sensory specificity (which evolved
biologically or was acquired through biological or cultural transmission) for detect-
ing particular changes in the environment in such a way that the organism can react
functionally to them in a (minimally) directed manner. Such reactions range from
purposeful behavioral responses to environmentally-induced developmental biases.
Finally, this model allows clearly distinguishing not only physical and experienced
environments, but the causal roles different types of experiential and physical NC
play as well. Even more importantly, as we show below, it can integrate experi-
ential and physical NC in a common framework applicable to complex empirical
scenarios.

Integrating different types of niche construction

Our visual and conceptual model can identify the precise causal patterns which
are characteristic of each type of NC identified by current taxonomies. This allows
drawing clear-cut distinctions between different kinds of causal narratives about NC

13 Walsh (2015, 2021) has defended the view that every instance of physical NC is one of experiential
NC (but not vice versa). For his theory that relies on the notion of affordances, all changes in the physical
environment are experienced in some way or another by organisms. Affordances emerge from organism-
environment systems as a whole, providing organisms different ‘graspable tools’ to react to (for discus-
sions on the evolutionary roles of affordances in NCT, see Heras-Escribano 2020).

14 Additionally, in the history of life some physical properties of the environment emerged before
becoming experienced cues of organisms. For example, in the global NC process in which cyanobacteria
made oxygen accumulate in the ocean/atmosphere (as a byproduct of photosynthesis), oxygen was not
immediately an experienced cue for all life forms present at that time.
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processes. However, each of these narratives on their own have limitations when
applied on more complex phenomena, in which two or more organisms (from dif-
ferent species) interact in reciprocal ways that include more than one type of NC. In
such cases, the present taxonomies do not provide clear guidelines on how to inte-
grate different NC processes, especially if they include both physical and experien-
tial forms of NC. We hold that our model serves as a tool for relating and integrating
different kinds of NC. This enables addressing more comprehensive causal explana-
tions of complex reciprocal organism-environment interactions, which are the norm
rather than the exception in ecological and evolutionary scenarios. We illustrate this
with two examples.

Our first example is the acceleration of flower production in Solanum melongena
(eggplant) as a consequence of active leaf damage by Bombus terrestris bumblebees
(Pashalidou et al. 2020). When faced with a shortage of pollen, bumblebee workers
actively damage the leaves of flowerless plants, which accelerates flower production.
In this way, bumblebees increase the local availability of their nutritional resources
(see Fig. 5a, sequence 1-7). A shortage of pollen in the environment of the bumble-
bees (E,_,) is experienced (Ex,_,) by them (O,_,) as nutrient scarcity (1). This mod-
ifies the behavior of bumblebees (2), which start damaging the leaves of eggplants
(3). The damaged plants (O’,) experience their environment as threatening (4) and
thus alter their constitution by allocating resources to the production of flowers (5).
Here, we see two different physiological processes at play, with distinct locations
in the plant and different functions: plant experience refers to a particular sensory-
cue interface which detects with sufficient specificity damage to leaves, and plant
constitution refers to the morphogenetic processes that lead to flower production in
meristems. The availability of flowers, in turn, alters the behavior of bumblebees,
which cease damaging the plants and start collecting pollen (6). Further reciprocal
interactions between bumblebees and plants could then continue (7).

This case can be framed as physical NC: bumblebees actively modify their envi-
ronment (which includes plants) and the consequences of their activity reciprocally
impact them. But it is important to note that also experience is included here as a
key component, contrary to the way physical/external NC has traditionally been con-
ceptualized. In addition, and more importantly, this case of reciprocal interaction is
only possible by virtue of the NC capacities of plants. Indeed, from the perspective
of the eggplant, this case is an instance of mediational NC, whereby plants accel-
erate flower production due to a change in their experienced environment, without
altering intrinsic features of the environment. In short, a proper understanding of
this case requires the integration of two kinds of NC and of experience into physical
NC within one causal explanation. Our model allows achieving such integrations.

We now move to a more challenging example: the transition to herbivory in
ruminants and the role symbiotic microbes play in this evolutionary shift (Chiu and
Gilbert 2020). This example involves two processes. On the one hand, microbes
colonize the digestive system of the animal and help develop the rumen, which is
the organ that houses them and allows them to function. On the other hand, these
developmental changes cause a dietary shift to herbivory in the animal, which
now perceives plants as edible. According to Chiu and Gilbert (2020), the former
is an instance of physical NC (though they label it as ‘perturbational,” following
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Odling-Smee et al. 2003), whereby microbes help construct their own environ-
ment—the rumen. The latter is an instance of mediational NC, i.e. a change in the
animal’s experience of its environment without physically changing it. Further, Chiu
and Gilbert state that (a) ruminants also engage in physical NC by contributing to
the development of their microbes’ niche, and that (b) the holobiont as a whole
(i.e. the ruminant host plus its microbiome), and not just the animal, is the unit that
engages in mediational NC. Taken together, these statements are problematic, since
(a) implies that microbes and host are separate units, each partaking in the environ-
ment of the other, whereas (b) assumes that both the host and its microbiome behave
as one unit that shares an experience of the environment.

Let us represent the case by means of our model (Fig. 5b, sequence 1-6). We
consider the rumen microbes, taken as a collective, and the animal host as distinct
organisms (O’ and O, respectively). The rumen is the microbiome’s environment
(E’) and the host’s environment is its external environment (E). After colonizing
the rumen during birth, the microbes (O’,_,) proliferate and release compounds
(particularly butyrate) that cause the growth and differentiation of this organ (1).
The altered rumen (E’,_;) provides a suitable environment for further microbial
proliferation and diversification of the microbial community (2). The development
of the microbial community modifies the constitution of the animal (3) and this,
in turn, leads the animal to start perceiving the plants in its environment as edible
and digestible (4). The dietary shift of the animal alters its development (5) and,
consequently, reacts upon the rumen microbiome’s composition and diversity (6).
Further downstream reciprocal processes would, for instance, include microbes con-
tinuing to mold the rumen and causally contribute to the animal’s development by
producing cellulose-digesting enzymes that allow the host to digest plant material,
or by neutralizing plant defense chemicals that would otherwise be toxic for the host
(Chiu and Gilbert 2020).

What we can learn from the application of our model to this complex case is
that we can trace these different but entangled processes of NC only by considering
the microbes as organisms distinct from their host and by studying the reciprocal
interactions of these components with their unique environments individually. If, on
the contrary, we consider the holobiont as an indivisible whole, we would not be
allowed to identify the NC activities of the microbes, simply because NC is a dialec-
tical relation between organisms and environments, and we would only be left with
the environment of the holobiont (not of microbes). Consequently, embracing the
‘holobiont-as-individual® view would imply collapsing O’ into O, thus reducing our
diagram to steps 3—6. The result of this operation would be indistinguishable from
a case of constitutive NC (see, e.g., the causal pattern in the development of lions;
Fig. 3b).

To sum up, these examples show that our model allows for the conceptual and
visual integration of different kinds of physical and experiential NC. The model
provides a consistent framework that can relate and compare causal explanations of
organism-environment reciprocity in multi-species interaction networks, which are
more complex and heterogeneous than those described by current NC taxonomies.
More generally, it calls attention to implicit assumptions and overlooked questions
in NCT. For instance, regarding the second example, we may ask what exactly an
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Fig.5 Integrating different kinds of niche construction. a Causal diagram of the acceleration of flower
production in Solanum melongena (O’) as a consequence of active leaf damage by Bombus terrestris
bumblebees (O). Bumblebees’ behavior is triggered by the perceived (Ex) shortage of pollen in the envi-
ronment (E). Flower production in plants is mediated by their perception (Ex’) of their environment (E’)
as threatening. In this case, both organisms are part of each other’s (partly overlapping) environments
that causally affect them. b Causal diagram of the transition to herbivory in ruminants (O) in a given
environment (E). This transition is partly explained by changes in the rumen (E’) driven by microbes
(0”), which cause the animal to experience plants as edible (Ex). For details, see text

environment is for a holobiont, and what causal role the microbial environment
plays in the host’s environment. Also, what does it tell us to see similar causal pat-
terns arising on the level of individual organisms (e.g., constitutive NC) compared
to those in integrated collectives, where causal roles and phases of the whole causal
path are distributed across different organisms? In the final section, we discuss the
heuristic roles of our model for scientific research.

Conclusions and outlook
In this paper we identified long-standing problems about reciprocal causation in

evolutionary theory, and offered solutions to them. We first showed that, contrary to
what is assumed in current evolutionary debates, theoretical viewpoints that argue
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for organism-environment reciprocal causation have a long pedigree in the history of
evolutionary thought, especially in early twentieth-century. We then recounted how
accounts of organism-centered reciprocity were marginalized in the second half of
the twentieth century, and how the study of reciprocity between other causal relata
(e.g., gene-environment, gene-population) gained the upper hand. This shift was
accompanied by a consistent avoidance of the concept of ‘individual environments’
and the establishment of externalism as an important explanatory principle in evolu-
tionary biology.

The decline of traditional approaches of organism-environment reciprocity
was also related to two, still today unsolved theoretical problems in these views:
(i) Meaningful boundaries between organism and environment were often blurred,
which leads to each component’s intractability for empirical studies, and (ii) there
was little theoretical integration of experiential and physical views of the environ-
ment. The latter prevented the clarification of the manifold causal consequences
that take place through reciprocal organism-environment interactions, as it cannot
spell out the exact causal links between organism-driven changes in experienced and
physical environments. We showed that these problems are re-emerging in today’s
debate on reciprocal causation in ecological and evolutionary processes. It is impor-
tant to mention that their reappearance is not restricted to new approaches that
combine ideas from developmental systems theory and NCT. Instead, more gener-
ally, these problems result from certain views of causal reciprocity (wherein organ-
isms are merged with their environments and all physical interactions are under-
stood as mediated through experience) that are present in a number of evolutionary
frameworks.

In addition, we presented a conceptual and visual model that is able to tackle
the aforementioned problems. Instead of scattering causes and effects across inex-
tricable organism-environment systems, we showed that the organism-environment
boundary is an epistemic necessity to understand the complex causality and causal
contributions of each component in reciprocal NC processes. Our model unknots
seemingly inextricable reciprocal causation by underscoring the sequential character
of these interactions. Then, it clarifies the kind of interactions by identifying charac-
teristic causal patterns in sequences of organism-environment relations. This allows
mapping all types of reciprocal causation currently identified in different NC tax-
onomies (external or physical, constitutive, mediational, relational and relocational
NC) onto one common framework. In turn, this makes possible to identify and dis-
tinguish the causal patterns different kinds of reciprocal processes play in ecology
and evolution. Most importantly, with respect to the above two problems, (i) our
model does not require the assumption that reciprocally interacting organisms and
environments are inseparable. It allows distinguishing between organisms and envi-
ronments by clarifying each component’s specific causal role in their mutual interac-
tions. In addition, (ii) it can integrate cases of organisms’ (experience and) experien-
tial NC with those of physical NC. This allows applying the present framework even
to highly complex empirical scenarios, in which both processes work together. It
also demystifies the role of organismic experience in ecology and evolution.

We have not attempted to provide a metaphysical account of reciprocal causa-
tion, but an epistemic tool that can partition causal contributions of organisms and
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environments. This should allow biologists to develop conceptually well-grounded
and feasible methodologies for probing into complex evolutionary settings. We
contend that no matter what one’s ontological position regarding the nature of the
organism-environment relationship is, one needs to provide an answer on how to
translate this position into scientific practice. We addressed this challenge not by
drawing organism-environment boundaries per se, but by tracing and distinguish-
ing different kinds of relations between organism and environment and to apportion
their causal contributions. This makes it possible to theoretically sustain epistemi-
cally set boundaries even in complex reciprocal evolutionary dynamics, in which
other approaches would rather drop the idea of boundaries altogether (i.e., cases in
which, e.g., many organisms from different species and their different experiences
and environments are involved).

Besides these conceptual and theoretical advantages, our model may also play
important heuristic roles in experimental research on NC. By building on (and being
compatible with) interventionist views of causation (Woodward 2003), it allows
the clear identification of causal paths and relevant counterfactual dependencies
between organisms and environments, which could help designing experimental set-
ups and selecting suitable variables to intervene on. Of course, more fine-grained
manipulations or simulations would require formalization and mathematical mod-
eling. Recently, several mathematical models have been proposed to address recipro-
cal interactions between organisms and environments, and some of them explicitly
deal with NC (e.g., Torres et al. 2009). Following Lewontin’s (1983) early proposal,
some formalizations represent organism-environment interaction by means of sys-
tems of coupled differential equations (e.g Gurney and Lawton 1996; Krakauer et al.
2009; Tanaka et al. 2020), while others incorporate elements of game theory (Fort
2020) or make use of causal graph theory (e.g., Ay and Lohr 2015; Otsuka 2015).
By drawing on the latter set of approaches as well as interventionist interpretations
of causality in path analysis (Pearl 2009), we will explore the formalization of our
conceptual model elsewhere. In fact, the diagrams presented in this paper can be
seen as directed acyclic graphs, whereby the states of the organism and the environ-
ment are vertices and the causal relations are edges.

For now, we ask philosophers of biology and evolutionary biologists to become
aware of (and finally overcome) long-standing problematic assumptions about recip-
rocal causation between organisms and environments. These relations can, in fact,
be conceptually clarified and investigated. Therefore, we need to unknot the seem-
ingly inextricable bundle between organisms and environments, and integrate organ-
ismic experience more seriously to understand how organisms shape their ecological
contexts as well as their evolutionary trajectories.
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