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Abstract

The concept of “communication” has in recent years been applied across the life and cognitive
sciences to a wide-ranging set of phenomena: from coordination in bacterial biofilms and metazoan
development, through the operation of the nervous system, to the social behaviours of animals. No
philosophical appraisal of this use of the concept yet exists.

This paper analyses the term, on the basis of a corpus study of over 1.1 million scientific articles.
For concepts referring to such diverse phenomena, the expected verdict is pluralist, with a distinct
meaning of the term for each domain of application, and limited, metaphorical or analogical
resemblance between them. The evidence points the other way. Across domains, “communication”
is used to pick out one and the same causal organization, which indicates a shared core meaning
rather than a family of loosely related senses.

The term effectively serves as a mechanism schema, providing an abstract description of a mech-
anism type. The organization consists of four components—a sender and a receiver, a transferred
mark, an enabling structure, and a function—which are instantiated differently across fields. The
principal epistemic benefit is coarse-graining of biological phenomena. Representing a process as
communication fixes a causally relevant grain of description, one at which points of experimental
intervention become visible and implementation detail remains available. Additionally, the abstract
character of “communication” allows the concept to serve in the integration of biological research
across scales and domains, enhancing scientific understanding of life and mind.

1 INTRODUCTION

The notion of coMMUNICATION is increasingly applied to a diverse range of phenomena in
biological and cognitive research. It is used for intracellular signalling in gene regulatory
networks, coordination in bacterial biofilms (quorum sensing), cell differentiation during
metazoan development (bioelectric communication), operation of the nervous system and its
relation to other types of tissues within the organism (neural signalling, gut-brain, or even
microbiome-gut-brain communication). At the other end of the scale it describes the social
behaviours of animals, from alarm calls, to the complex games of authority and power in human
politics.

This widespread use of communicaTioN is bound with the place that information theory
has come to play in contemporary biological and psychological research, since its inception
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in the 1950s and 1960s (Cartwright et al. 2024; Gatenby and Frieden 2007; Gleick 201 1; Kull
2000). The connection shows in the title of Shannon’s founding work, A Mathematical Theory
of Communication (Shannon 1948; Shannon and Weaver 1964). Yet where iINFORMATION has
become one of the central topics of philosophy of biology (e.g., Anta and Sinchez-Dorado 2025;
Bartlett et al. 2025; Jablonka 2002; Godfrey-Smith 2007; Maynard Smith 2000; Oyama 2000),
its close relatives COMMUNICATION Or SIGNALLING have gone almost unexamined.

In the current paper, I offer a philosophical appraisal of the concept of BioLoGIcAL com-
MUNICATION across its wide-ranging uses. The primary questions in this context are: what is
communication? Do bacteria and human beings engage in one process, or is the shared term
a metaphor, perhaps an unfortunate one? What work does the concept do in the conceptual
practice of life and cognitive sciences?

For concepts spread this widely, the ready answer is pluralist (e.g., Chang 2012; Ludwig and
Ruphy 2026): a term used across such different domains is associated with a distinct concept
in each, and any resemblance among them holds only by analogy or metaphor (e.g., Gentner
and Jeziorski 1993; Hesse 1966) or by the transfer of a model template (Knuuttila 2021). The
framework of patchwork concepts (Wilson 2006; Haueis 2024) gives this its sharpest form: a
concept is a patchwork of domain-specific patches with no shared core meaning, held together
only by a common strategy for extending the term to new cases. The range of contexts in which
COMMUNICATION is put to use, surveyed above and throughout the paper, makes such a treatment
the natural default.

Unexpectedly, a detailed investigation of the actual use of the term indicates against this
default. Across the scales at which it is applied, communicaTiON is found to pick out a single
causal organization. This shared causal organization constitutes a core meaning of the concept,
and as such the notion is not a patchwork. Researchers appear to treat the widely different
instances of communication as identifying the same type of process. If that is so, then a unified
view of biological communication is required.

The causal structure commuNICATION picks out consists of four components: two parties, a
sender and a receiver; a mark transferred between them; a structure that enables the transfer;
and a function the transfer serves in some larger process. The first three recall components
of the standard Shannonian model of information transmission (Shannon 1948). The fourth,
the functional role, is recovered from the results and forms no part of that model. Hence,
COMMUNICATION constitutes a mechanism schema (Machamer, Darden, and Craver 2000),
an abstract description of a mechanism type that each field fills in with its own parts and
activities. ComMmUNICATION fixes a causally relevant grain of description, one at which sites
for experimental intervention become visible while implementation detail stays available. The
concept is parsimonious, and it guides the investigation of living and cognitive systems rather
than merely labelling their interactions. Indeed, as I will argue below, some initial evidence
points to the empirical benefits communicative framing brings—for instance, in research on
morphogenesis, where viewing cell interactions in terms of communication enables novel
experimental manipulation [e.g., Cervera et al. (2020); see section 5].

To substantiate this point, I introduce the results of a large scale corpus study of scientific
literature, encompassing over 1.1 million scientific articles in life and cognitive sciences. The
study analyses the meaning of the concept and the various research practices it is involved in.
This large scale picture of the many uses of communication is supplemented with a careful
philosophical analysis of a quantitatively selected sample from papers. This allows me to
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develop a general account of BroLoGicaL communicaTioN and uncover the epistemic functions
the concept serves—its role in explanation, description, modelling, and experimentation.

The structure of the paper is the following: I begin by reviewing how digital study of scientific
papers can inform our views on the conceptual practice of science (section 2). Next, in section 3,
I briefly summarize existing literature on ANIMAL coMMUNICATION, Which has received the most
philosophical attention among the different references to biological communication. I review
the informational and influence-based definitions of animal communication and motivate
querying the corpus inclusively across that divide. In section 4, I develop an argument by
negation. Initially, I assume the default pluralist position, drawing on the notion of patchwork
concepts (Haueis 2024), to analyse the different uses of “communication”. Contrary to the
assumption, the analysis suggests a unified, if parsimonious, picture: the different uses of
COMMUNICATION are connected by a shared property, the causal organization they pick out.
Finally, in section 5, I review the evidence looking for markers of the different epistemic
functions communicaTION serves, highlighting its role both as a description of the phenomena,
a mechanism schema, and an experimentally fruitful abstraction.

2 CONCEPTUAL PRACTICE OF SCIENCE THROUGH THE DIGITAL LENS

Tools of digital philosophy of science (Lean, Rivelli, and Pence 2023; Mitkowski and Nowakowski
2025; Pence and Ramsey 2018; Pence 2022b, 2025) allow for accounting for the full scope of the
concept of communicatioN without falling into the known pitfalls of standard philosophical
methods, like case studies (see Pitt 2001). Computational methods provide a more compre-
hensive sample of the use of concepts (e.g., Malaterre and Léonard 2024; Milkowski 2023;
Overton 2013; Pence 2022a). Drawing on tools from digital humanities and computational
linguistics, proponents of this approach construct mixed-methods or multi-level methodologies
(e.g., Murdock et al. 2017; Rorot and Mitkowski 2024), which connect large-scale quantitative
analysis of the corpus (of scientific texts—publications, peer reviews, blog posts, etc.) with
qualitative close reading using standard philosophical methodologies (for a detailed discussion
of the methodology see Rorot 2025).

Dominant approaches in philosophy of science in practice are suspicious of the image of
science codified in its published outputs (see the discussion in Lean, Rivelli, and Pence 2023).
However, the theoretical and conceptual domains of scientific practice function somewhat
differently. This can be captured by viewing this conceptual dimension as a “system of practice”
(Chang 2014). While scientific theories are standardly regarded as the outcomes of scientific
research, they also play a practical role in the scientific day-to-day by shaping the research design
(e.g., Brown 1996) or restricting the possibility space for investigation (e.g., Love 2013; Wilson
2006).

One way to view this role is through the cognitive lens on science (e.g., Giere 2010; Ners-
essian 2010; Thagard 1990, 2012), in particular in the form of recently developed “cognitive
metascience” (Mitkowski 2022, 2023). The cognitive approach broadly views theorizing as a
cognitive practice (Callebaut 2013; Chang 2017; Cheon and Machery 2016), and Mitkowski’s
version casts theories as perspectival “cognitive artifacts”. Such artifacts are entities used to
“maintain, display, or operate upon information in order to serve a representational function
and that affect human cognitive performance” (Norman 1991, p. 11), that extend beyond (e.g.,
generalize or abstract) the available data. Through this lens, scientific practice can be analysed
within the framework of cognitive science. It can be viewed as an instance of distributed cogni-
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tion (Afeltowicz and Wachowski 2015; Giere and Moffatt 2003; Hutchins 2006; Osbeck and
Nersessian 2014; Zhang and Norman 1994), where the”cognitive labor is distributed among lab
members, or among multiple collaborating teams” (Mitkowski 2022, p. 221). The external form
of the cognitive artifacts plays a central role in those contexts, as it is what enables this division
of cognitive labour: the sharing of theories depends on (and is shaped by) their expression—
primarily linguistic and often textual (for visual representations of theories see e.g., Elkins 2001;
Meynell 2013; Perini 2005; Sartori 2025).

Considering the limited use of “theories” in life and mind research (e.g., Rosenberg and
McShea 2012, ch. 2; see also Hardcastle 1996; Keller 2000; Ross 2025; for an alternative view see
Sober 2018), I opt here to focus on the study of individual concepts and the larger frameworks
they form. The standard psychological notion of concepts views them as “the basic units of
knowledge [... which] consist of the information people associate with classes of objects and
entities in the world” (Fini, Falcinelli, and Borghi 2025; this definition is motivated by the broader
perspective of e.g., Barsalou 1999; Borghi et al. 2017; Borghi et al. 2019; Borghi et al. 2023;
Murphy 2004). Frameworks, then, are “network[s] [...] of interlinked concepts that together
provide a comprehensive understanding of a phenomenon,” “support one another, articulate
their respective phenomena’, and introduce “ontological, epistemological, and methodological
assumptions” (Jabareen 2009).

Crucially, conceptual frameworks impact the identification, individuation and classification
of phenomena by scientists (cf. Kant [1781] 1998). In psychology and cognitive science it is now
commonly accepted that there are “top-down” effects in various domains of cognition in which
our concepts, previous knowledge, or expectations shape what we perceive and experience (e.g.,
Clark 2013; Clark 2016; Hohwy 2013; for arguments against this point consider Firestone and
Scholl 2016). Hence, considering again the cognitive metascience view, it makes sense to assume
that some such effects might be present in scientific practice as well. This constitutive role of
conceptual frameworks makes them a crucial part of practice, and highlights a methodological
consequence the paper turns on: identifying the same conceptual structure across fields provides
evidence that those fields individuate phenomena under a common template, conceiving them
as instances of the same kind of process. In the current context, a distributional study of the use
of “communication” can therefore uncover how scientific practice views processes described
with this term.

The study reported here uses the Semantic Scholar Open Research Corpus [S20RC, version
published on August 8, 2024; Kinney et al. (2025); Lo et al. (2020);] which features over 12 million
full-text, open access articles and is currently the largest openly available corpus of academic
papers. The articles often have extensive annotations, including paragraph segmentation.
However, as the corpus is produced through automated means, it includes some noise. S20RC
is a part of the larger Semantic Scholar Open Data Platform which provides metadata, including
abstracts, for over 200 million scientific publications, as well as pretrained vector embeddings
for full texts of the articles (Singh et al. 2023).!

To explore this large scale corpus at a semantic level, I draw on a number of methods from
distributional semantics: topic modelling, semantic search, and collocation analysis. These

1. All results of the study, additional versions of figures presented in the paper, as well as the code used for all
the analyses reported here is available in the online supplement on OSF: https://osf.io/z342v/overview?view_onl
y=aca8dfbaa299468fbd3ae35472d74ae2. Due to the size of the full dataset, it was not included in the release, but
the S20RC corpus is available through the Allen Institute for Artificial Intelligence, its publisher and maintainer,
see https://www.semanticscholar.org/product/api (note that as of July 2026, a free API key is required).
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methods are motivated by a longstanding linguistic tradition which claims that the meaning
of a word can be approximated by looking at its neighbourhood across texts (see e.g., Firth
1957; notably, this view has Wittgensteinian origins, Wittgenstein 1968). One of the benefits
is that through computational methods, a numerical representation—vector embedding—of
the semantics of a given document (at arbitrary granularities—from individual words to whole
papers) can be created from such word co-occurrence data. This has been finessed in recent
large language models based on the Transformer architecture (LLM, Devlin et al. 2019; Ope-
nAl 2023; Pennington, Socher, and Manning 2014), which introduce complex mathematical
transformations and dimensionality reduction methods to optimize vector representations for
a number of computational tasks. The overall design of the study is presented in Figure 1, and
the individual steps are fully described in Appendix A.

The selection of queries comes with a caveat: as the semantic search identifies sentences and
paragraphs that are semantically similar to the queries, any selection of queries will skew the
results. When interpreting the results of the study it is important to consider that some uses of
the central concept—radically different from what queries specify—may have gone unnoticed.
This is relatively smaller worry in the case of a term like “communication”, where the space
of possible technical definitions is restricted by the ordinary meaning of the word, but might
matter more when specialist terms (like “information” or “representation”) are explored using
analogous digital methods.

Two features of the design limit this risk. First, the queries combine informational def-
initions with influence-based ones, cutting across theoretical distinctions (see section 3); a
structure recovered across both is not an artifact of either formulation. Second, and more to
the point, the main result of the paper—four components specifying the causal organization
of communicaTioN—is not only read off the queries. The components are recovered from
the grammatical collocates of “communication” in the retrieved passages (which relies on the
fields’ own prose, see Step 4. Word Sketch), and they recur in domains remote from the animal-
signalling and language cases for which the queries were devised (see section 3), from quorum
sensing to Notch signalling. The queries fix what is retrieved, but not the causal organization
recovered from usage.

Through the constitutive role of conceptual frameworks, the results of the analysis will
motivate two central arguments: first, they establish the shared structure of commuNICATION
across fields (in section 4), and second, they uncover the epistemic work the concept does in
scientific practice (in section 5).

3 DEFINING “COMMUNICATION”

To track the uses of communication in the corpus, the selection of queries for semantic search
(see details in Appendix A) relies on the existing philosophical treatments of biological com-
munication. These focus almost exclusively on the use of the concept in reference to animal
communication and to the evolution of human language.” In this context, Thom Scott-Phillips
(2008) distinguished between two primary frameworks of viewing communication: informa-
tional and influence-based.

The former, also known as the “signalling model” (see Stegmann 2016), is primarily developed
to bridge the gap between the animal and human communication systems (e.g., Bennett 1979;

2. This is also the case for existing treatments of SIGNALLING (e.g., Skyrms 2010).
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Figure 1: Flowchart summarizing the research design. Individual steps are fully described in Appendix A.
Most importantly, in step 2, vector embeddings of constructed queries (relying on definitions of
BIOLOGICAL COMMUNICATION from the literature, see section 3 and Appendix B) are used to pick
out highly similar sentences from the corpus, based on distance in the embedding space. These
sentences are interpreted as referring to communicaTioN. In step 3, vector embeddings of these
results are clustered to classify contexts in which communicaTioN is mentioned. In step 4, search
results from step 2 are analysed at word level to identify collocates of theoretically relevant
terms ("communication” itself). In step 5, the results of steps 2-4 are analysed qualitatively and
used as evidence for conceptual analysis.
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Green 2007). This model views animal communication as a “more basic” form of human
linguistic interactions. Although human communication may require additional conceptual
apparatus (at least according to (Bennett 1979), who points towards the framework advanced
by H. Paul Grice, e.g., (Grice 1957, 1969, 1995)), it shares with other animal communication
systems the foundational role of information transmission. According to the informational view,
communication consists of those behaviours which have a function of transmitting information.

The alternative, influence-based view focuses on the adaptive benefits that (putatively) com-
municative interactions and behaviours confer upon the organisms involved—senders and
receivers. This view is exemplified by one of the most widely used definitions of communi-
cation, offered initially by John Maynard Smith (2000), and improved upon in his later work
with David Harper (Maynard Smith and Harper 2003). These authors define communication
through the notion of a “signal”—the vehicle of a communicative interaction, but without the
informational implications. For Maynard Smith and Harper (2003, p. 3), a signal is “any act or
structure which alters the behaviour of other organisms, which evolved because of that effect,
and which is effective because the receiver’s response has also evolved.” This adaptationist view
has been preferred by a number of theorists due to the purely syntactic nature of Shannon
information (Scott-Phillips 2008) or the apparent difficulties of linking the informational view
with evolutionary principles (Owren, Rendall, and Ryan 2010; Rendall, Owren, and Ryan 2009).

The influence-based approach has also been defended more recently within the organizational
account of biology (see Moreno and Mossio 2015). Frick, Bich, and Moreno (2019) extend the
original, adaptationist focus of the definition proposed by Maynard Smith and Harper, and
Scott-Phillips following them, with a broader notion of functional influence, which can be
characterized depending on the theoretician’s preferred notion of function—avoiding some of
the criticisms the neo-Darwinian adaptationism has garnered (most importantly, Gould and
Lewontin 1979).

Both informational and influence-based definitions were traditionally developed to cap-
ture several paradigmatic instances, including human (Homo sapiens) communication, vervet
monkeys’ (Chlorocebus pygerythrus) alarm calls, and honey bees’ (Apis mellifera) waggle dance.
Processes at other scales of biological organization have only been mentioned in passing. De-
spite the theoretical justifications for distinguishing between the focus on “information” and
“influence”, the actual practice in animal communication cannot be so neatly divided. One
source which clearly indicates this is the list of different definitions of communication collected
in the Historisches Waorterbuch der Biologie [HWB; Toepfer (2011)] and the associated BioConcepts
online database (Toepfer 2024). While these resources are not exhaustive and limited to major
positions in the literature, they indicate that definitions adopted by researchers often cut across
the theoretical distinctions introduced by Scott-Phillips (2008) (see the selection in Appendix B).

Hence, to track the use of “communication” inclusively, without premature theoretical de-
cisions (and to limit the bias of the results, as noted in section 2), I have used both definitions
based on Scott-Phillips’ review, and the examples from HWB and BioConcepts, to query the
corpus during the semantic search (Step 2. Semantic search). A sample of the queries used
is presented in Appendix B (full query list is included in the online supplement). While these
definitions, as already discussed, have been offered in reference to animal communication, they
successfully pick out the other areas of biological communication of interest in the current
study, as highlighted in the following section.
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4 RESULTS
4.1  Topics as patches

The diversity of contexts in which communication is used across life and cognitive sciences is
well visible in the results (see the sample in subsection C.1). To capture this diversity, consider
the different topics identified in the data (see Table 1) through the lens of the “patchwork
concepts” approach (Wilson 2006; Haueis 2024)—assuming the “default” pluralist position
on such widely used concepts. As an attempt to capture the polysemy of various scientific
concepts, the patchwork framework proposes to view the different uses of a concept as different
patches, defined through “the length scale [i.e., spatiotemporal granularity] of investigation,
what technique is involved, the specific domain of application, and which property scientists
target” (Haueis 2024, p. 742). The patchwork concepts do not have any “core” or “total meaning”,
beyond the meanings associated with individual “patches.” The notion of a “patch” has been
adapted metaphorically by Wilson (2006) to highlight the idea that the individual uses or senses
are connected solely by local relations. These local relations may result from the overlaps of the
domain or scale at which the two patches are used. Effectively, patches identify different classes
of phenomena that are captured with the same term. The terms acquire novel meanings when a
“general reasoning strategy” is extended to new cases.

One of the examples Haueis (2024, pp. 749-750) discusses, drawing on his own previous work
(Haueis 2021), is that of a cortical column. In this case, the general reasoning strategy instructs re-
searchers to look for vertical structures in the brain and then determine whether neurons within
those structures have a similar function. However, the techniques for specifying the structure
and function differ significantly across spatial scales of neural organization. Columns have been
originally analysed at the scale of “hypercolumns” using electrophysiological recordings (the
technique), with the similarity of function of neurons within the column being approximated
via uniformity of the recorded responses [the property targeted by the technique; see Hubel and
Wiesel (1977)]. Later the concept has been extended to the neural meso- and microscale. At
the microscale, the columns are identified ex vivo using Golgi staining (the technique), and the
functional organization is inferred from the dominance of vertical over horizontal connections
between neurons [the property targeted by the technique; see Mountcastle (1997)]. Each of
these scale-dependent applications of the corTicaL coLumnN forms an individual patch.

Indeed, most of the topics identified in the results can be interpreted as picking out a patch-
like category of communicative phenomena: identifying the scale, technique, domain, and
property. First, the three most frequent topics refer to different biological systems that exten-
sively rely on electrical or chemical signalling: the nervous (topic 0, NERVOUS SYSTEM) and
immune systems (topic 3, IMMUNE SYSTEM), as well as gene networks which control gene ex-
pression (topic 1, QUORUM SENSING). Other topics pick out different forms of animal-animal
communication (e.g., topics 5—SOCIAL FACTORS IN LANGUAGE, 4—SOCIAL LEARN-
ING, 20—HUMAN INTERSPECIES INTERACTIONS). Second, the topics partially highlight
the functional role of various communication systems, picking out the involvement of com-
munication systems in cancerogenesis (topic 3), social organization (topics 1, 8—SOCIAL
BEHAVIOURS, and 4, in different ways) or cognition (topic 0). Together, these two dimensions
seem to delineate distinct domains of COMMUNICATION.

The scales for different patches of communication emerge from the qualitative assessment of
topic similarities based on the similarity matrix (presented in Figure 2, clusters A-E mentioned
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Table 1: 5 most frequent topics with the number of documents classified as belonging to that topic
(Count). I have chosen the topic names through qualitative review of the different representations
produced by BERTopic and a close reading of the representative documents selected by the
algorithm. The table includes the name and the representation produced by KeyBERT (see
subsection A.3), limited to 5 top terms. Full list of topics with complete representations (20
terms for each representation) is available in the online supplementary materials.

Topic Count Name KeyBERT + MMR

0 7161 NERVOUS SYSTEM stimuli, cortical, neurons, cortex,
stimulus

3 6013 IMMUNE SYSTEM immunotherapy, immune cells, im-
mune response, innate immune, im-
munity

1 5211 QUORUM SENSING signalling, gene expression, proteins,
bacteria, pathways

2 4634 PLANT PATHOGENS pathogens, signalling pathways, ara-
bidopsis, biosynthesis, triggered im-
munity

6 4241 NOTCH DEVELOPMENT notch signalling, signalling pathway,

notchl, wnt signalling, signalling

below are marked in the figure). The topics can be grouped into several clusters: for instance,
cluster A includes topics SOCIAL FACTORS IN LANGUAGE (5), COMMUNICATION IN
EDUCATION (14), FAMILY COMMUNICATION (37)—all formulated on the scale of social
communication. Similarly, cluster D, which includes topics such as SOCIAL LEARNING (4),
HUMAN INTERSPECIES INTERACTIONS (20), or ANIMAL MOVEMENT (9), focuses on
the scale of social communication, but extends beyond linguistic interactions. Cluster B, on
the other hand, groups topics concerned with the scale of subcellular components involved in
signalling—this includes topics QUORUM SENSING (1), PLANT STRESS (21) or GENETIC
EVOLUTION (27). A slightly larger scale of cellular processes is grouped by cluster E, which
includes topics NOTCH DEVELOPMENT (6), STEM CELLS (18) or MITOCHONDRIA (42).
Finally, cluster C captures an intermediate scale of signalling within or between organisms,
e.g., in topic IMMUNE SYSTEM (3) or topic PARASITE (34). This clustering is reflected by
the topological structure of the topic space, as represented by UMAP 2D-reduced document
embeddings (Figure 3), where the topics align along a similar structure—from the smallest to
largest spatiotemporal scale.’

In fact, the topic model, at least in some cases, provides directly the other two components
necessary to define patches—techniques, and the properties they target—included either in
the representation of the topic produced by BERTopic, or in representative documents. These
sometimes occur separately, as in the case of properties without mention of techniques: vocal-

3. Because of the nature of mathematical operations involved in dimensionality reduction with UMAP, and
considering its stochastic nature and the impact of hyperparameter choice, the structure the visualization highlights
needs to be interpreted cautiously—hence, here I rely primarily on the parallels between structures highlighted by
UMAP and topic similarities.
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Figure 2: Topic similarity matrix with qualitatively identified groupings of topics marked. Clusters A,
D capture the scale of social interactions, B and E—cellular and subcellular signalling, and C
groups topics covering signalling within or between organisms. For fuller description see the
text.
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izations (topic 4), specific chemical substances or biochemical compounds, including calcium
(topic 12), pheromones (topic 11), proteins such as Wnt or Notch [*notch] (topic 6). However,
they also come packaged together: as in the case of questionnaires (technique) of relationship
satisfaction (property; topic 37), models (technique, albeit quite a broad one) of the dynamics of
disease spread (property; topic 35), and genome-wide associations (technique) of phenotypic
traits (property; topic 27). This “patch” interpretation for most frequent topics is presented in
subsection C.3.

4.2 Causal structure of communication

However, despite the differences between the patches, the uses pick out a shared causal pro-
cess. This organization has four components. Three are familiar from existing accounts of
communication:

1. Two (or more) parties—at least one sender (communicator) and at least one receiver (audi-
ence), distinguishable from one another;

2. A transferred mark—something passed between them, whether a message encoded into a
signal or a piece of evidence for an informative intention;

3. An enabling structure—a condition that makes the transfer possible, such as a shared code
or appropriate intentions on both sides;

The fourth is recovered here and is not usually treated as a distinct structural component
(see Appendix B). Communication is embedded within a broader system in which it serves a
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Figure 3: Two-dimensional representation of document vector embeddings, calculated by BERTopic
using UMAP algorithm. The documents are clustered by topics based on the topic model.
Each point represents a 2D-reduced vector embedding of a document (paragraph). Colors
correspond to the topics. A subset of most popular topics is selected, for enhanced readability
of the figure—the full, interactive version is available in the online supplement at: https:
//osf.io/z342v/overview?view_only=aca8dfbaa299468fbd3ae35472d74ae2.

particular function, so that representing a process as communication marks it as implicated in
further processes:

4. A function: the role the communicative process performs within the system that contains
it.

Each of the four components is marked by characteristic collocations of “communication” in
the results of semantic search, drawn from different putative “patches” (identified by the Word
Sketch algorithm, Step 4. Word Sketch):

« Component (1) is indicated both by modifiers (“intercellular”, “interpersonal”, “cell” com-
munication) or by nouns and verbs that “communication” modifies (communication
“partner” or “network”).

« Component (2) is referred to mainly through modifiers, such as “verbal”, “non-verbal’,
“gestural’, “chemical”, “multimodal” or “vocal” communication.

« Component (3) is most directly included in the nouns and verbs modified by “commu-
nication”: communication “strategy’, “style”, “method” or “capacity”’, which indicate the
constraints imposed, communication “system”, “channel’, “technology” or “tool” which
highlight the materiality of the structure involved. It is also highlighted by the verbs
that take “communication” as an object: they indicate that communication needs to be
“mediated”, “facilitated”, “enabled” or “enhanced”; as well as verbs that take it as a subject:
communication “requires’, “relies”, “depends” or “needs” a number of preconditions to be
met. This spotlights the constraints on the structure of communicative processes.

« Component (4), the function, is indicated by the verbs that have “communication” as a

subject: communication can “help”, “play”, “provide”, “allow”, “serve” or “influence” other
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4 RESULTS

processes. Adjective predicates of “communication” provide an evaluative framework
within which communication can be regarded as “important”, “essential” or “crucial”
but also “effective” or “successful.” While not indicating any specific functions, these

collocations indicate the broader involvement of communication in a variety of processes.

By the account adopted earlier [Haueis (2024); see subsection 4.1], a patchwork concept has
no core meaning: each patch is individuated by four features together—the scale of investigation,
the technique applied, the domain of application, and the property targeted—and the patches are
unified only pragmatically through a general reasoning strategy, which informs researchers how
to extend the concept to a novel domain, instantiating it through domain-specific techniques
and properties. The uses of communicaTiON vary along three of those axes. They range across
spatiotemporal scales (Figure 3), they are detected by techniques as different as electrophysiology
and questionnaire study (highlighted in subsection C.3), and they belong to domains from
molecular biology to sociolinguistics. Yet, they share a common property: across the varied
applications they target the same causal organization with the four components just outlined.

In contrast to patchwork concepts, as in the case of a cortical column [analysed in Haueis
(2021); see also subsection 4.1], the different techniques are not constitutive of a patch, serving to
fix the meaning at a particular scale. Instead, in the case of communicaTION, they are detective,
locating the transferred mark within a domain without entering into what makes the process
count as communication. In effect, the four components allow for multiple realizations. The
transferred mark can be chemical, vocal, or gestural. The structure is a co-evolved molecular
interaction between two proteins in one domain, and a configuration of intentions in another.
The components are fixed at type level, and individuated by the function they perform, but
allow for different subclasses of token realizers. But this does not lead to a polysemy of commu-
NICATION as the same types of components can be traced across all uses noted in the corpus:
each patch predicates all four components and differs only in how each is filled.

What is recovered from the data, then, is a core meaning: a property predicated of every
instance that fixes the identity of the phenomenon independently of the scale, technique, and
domain. As such, communicarion displays genuine semantic unity, not just pragmatic connec-
tion characteristic of patchwork concepts. This result can now be read through the constitutive
role of concepts set out in section 2. A conceptual structure shared across fields is evidence
that those fields individuate their phenomena under a common template, not merely that a
word is shared between them. The semantic unity of communicaTioN is therefore at the same
time a claim about scientific practice: the disciplines that deploy the concept pick out one
phenomenon, as it is constituted in their practice, applying a single concept at an abstract grain
rather than a family of concepts held together by a shared procedure for coining them.

The causal structure identified here resembles the one Arnon Levy (2011) has noted in
his discussion of BIOLOGICAL INFORMATION. As Levy’s analysis highlights (2011, pp. 649-650),
references to biological (semantic) information pick out a particular causal pattern characterized
by:

1) Directionality: the separation of sender and receiver (spatially or temporally), often with
a boundary, and the associated direction of influence;

2) Connecting variation: information is invoked to highlight systematic covariation of two
components, especially when they are connected through a complex mechanism with
many intermediate links;
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3) Activity of the sender and receiver: though this is metaphorical according to Levy, in-
formational language allows for specifying a particular component of the process as the
active sender or receiver, and another—as a passive signal.

This pattern corresponds to the proposed components of communication in an interesting
way. It presumes the distinction of a sender and receiver (component 1), and introduces some
additional restrictions into what marks and structures (components 2 and 3) can support
communication.

However, Levy adopts the ready pluralist answer, advocating for a form of fictionalism. In
his view, information acts as a “liminal metaphor”, where in practice its metaphoric character is
backgrounded to highlight the epistemic benefits it brings. But it is metaphoric nonetheless:
Levy notes the epistemic hedging (e.g., the use of scare quotes) of ascriptions of semantic
properties in the literature and supports this argument by stating that this is “the most natural
way to take” information talk (Levy 2011, p. 647) given the widespread use of information
across many domains of biology. This runs contrary to what corpus results analysed here
show for “communication”. Across the different uses, researchers do not hedge references to
communication. Considering the generally dominant realist views of scientists (see Beebe and
Dellsén 2020), it motivates interpreting the concept in a realist fashion. Despite these differing
ontological commitments, the parallel between causal structure of information Levy notes
and the organization of communication identified in the current study further strengthens the
claim of unity of communicaTioN through the common property of causal organization of the
processes described with the term.

5 EPISTEMIC GOALS OF “COMMUNICATION”

Given the unity of BIOLOGICAL COMMUNICATION emerging from the data, the remaining question
is what epistemic benefits using the concept communicaTioN provides, compared with a direct
description of the outlined causal organization.

The philosophical literature on scientific concepts has focused on the epistemic functions
or goals of concepts—as separate from theories or models—only to a limited degree. One
exception comes from Brigandt (2010), who has suggested that epistemic goals are a part of
the semantic contents of a concept. The goals define a concept along with reference and its
inferential role (“a subset of the beliefs scientists have about the term’s referent’, p. 22), and they
enable normative evaluation of conceptual change. Refining this proposal, Cheon (2025) rejects
the broadly semantic framework in which Brigandt’s proposal was embedded (e.g., Hanson 1958;
Feyerabend 1962; Kuhn [1962] 2012), instead opting for a notion of concepts as “information-
complexes”. However, he retains the notion of epistemic functions, understanding it in terms of
functional meta-information “encoding information of ‘for what’ the first-order information
[that makes up the concept] is used” (p. 378). Rather than considering a separate taxonomy of
conceptual functions, both authors tie them to the aims of science (e.g., Laudan 1986; Potochnik
2017), or more modestly to the local aims of a particular research programme that relies on a
given concept.

CommunicATION does not seem to fit the bill well. While the associated causal structure
can figure in causal-mechanistic explanations, whenever “communication” is referenced, the
details of that structure are usually implied rather than explicitly considered, as the analysis in

4. T explore this topic in detail as part of my doctoral dissertation, see Rorot (2025).
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previous section shows. In relation to the closely related concept of “information”, Oliver Lean
(2023) suggests that its primary epistemic function is precisely complementary to that of causal
reasoning. Building on interventionist account of causation (Woodward 2004, 2010) he argues
that “information” captures the environmental “interventions” on agents, just as “causation”
captures agent’s interventions on the world.

In a sense, comMUNICATION in the view laid out here identifies such action-perception feed-
back loops of the sort that Lean envisages as a primary biological explanation structure. This
aligns well with an emerging view of “scale-free biology” (Fields and Levin 2020), an attempt to
extend existing biological syntheses—modern synthesis (Huxley 2010), evo-devo (Gould 1977;
Oyama 2000), as well as the extended evolutionary synthesis (Pigliucci and Miiller 2010)—into
the domain of cognitive and neuroscience through the notions of “information” and “commu-
nication”. While this integrative function is not the explicitly formulated in the corpus, this is
where a large potential epistemic payoff of this concept lays.

Through the cognitive perspective on science the epistemic goals of concepts can be con-
sidered beyond the taxonomies of aims of science. As noted in section 2, concepts have an
important top-down role in which our previous knowledge or expectations shape what we
perceive and experience. Individual concepts and larger conceptual frameworks can impact the
identification, individuation, and classification of phenomena by scientists.

5.1 “Communication” in discovery and experimentation

That is where the main epistemic benefit of commuNicaTION appears to be located. Accounting
for biological phenomena, comMmUNICATION centres the interactive character of the processes (cf.
Brancazio 2023; Dingemanse et al. 2023; McGann 2024), at the same time simplifying them by
abstracting from implementation details (though these details remain epistemically accessible,
as shown in detail in section 4). The unique granularity of description afforded by the concept
allows for identifying biological phenomena that otherwise, at a finer or coarser level, would
escape the attention of researchers. Although not necessarily emergent in the technical sense,
the interplay of complexity (the many elements involved in a communicative exchange) and their
strictly “pragmatic” or functional character (component 4 in section 4) positions communicative
interactions as unique explanatory or predictive causal nodes. These interactions necessarily
have a particular material makeup, but can also be characterized in structural or organizational
terms, which motivates the original, analogical application of the term “communication” in the
first place.

The cognitive view on science (in particular, the version advanced by Milkowski 2022,
2023) views different forms of scientific representations—theories, models, concepts, and
frameworks—as cognitive artifacts. Instead of rejecting the representational function of sci-
entific concepts (as a strongly artifactualist approach, such as the one advanced by (Knuuttila
2005, 2011, 2021), would suggest), the approach views cognitive artifacts as used to store and
modify information and to affect cognitive performance of researchers. Their content “cannot
be fully accounted for in terms of data [and] provide[s] a perspective on the phenomena under
investigation” (Mitkowski 2023, p. 187).

The concept of BIOLOGICAL COMMUNICATION as a cognitive tool allows a rendering of biological
processes which captures their complexity, at the same time enabling epistemic access for
researchers. Consider the growing interest in the role of the body in cognition—both the
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peripheral nervous system, and non-neural tissues—and the considerations in the following
example from the results:

In an effort to explore how internal state coordinates behaviors, we focus on the
body-to-brain direction of communication. We constrained our search to en-
docrine and sensory systems and a few basic needs over a range of timescales. [...]
This signaling occurs over timescales that might differ from those traditionally
used to measure activity at the neural or behavioral levels and will likely reveal
novel and exciting new mechanisms of communication between the body and the
brain. (235403109, 153)

Here, researchers explicitly indicate that the benefit of the communicative framing is that
it enables them to identify timescales that more traditional perspective would have missed,
leading to uncovering hitherto unknown mechanisms engaged in cognition beyond the brain.
In a significantly different context, one example reads:

Upon sensing mechanical stimuli, mechanosensitive molecules can initiate or mod-
ulate a wide variety of specific intracellular signaling pathways [...]. This signaling
can lead to diverse series of functional and/or structural responses in the involved
cells and tissues|,] the most extensively investigated of these are highlighted in each
section of this Review (e.g. shape changes, migratory events and differentiation).
(218985273, 126)

Again we see that reference to coMmMUNICATION (via the term “signalling”) introduces a unique
coarse-graining of the studied processes (here on the spatial scale), where identifying a signalling
event as such uncovers the relevant components involved in the process (signalling pathways).
Furthermore, this example clearly highlights the causal powers ascribed to communicative
events, highlighting key points for experimental intervention. Consider a related case of Notch
signalling, also involved in development, here in the case of Drosophila, the fly:

Notch signalling in this tissue is not limited to lateral cell contacts: a network of
dynamic, actin-based protrusions at the basal side of the epithelium aids signal
propagation over longer distances [...]. This type of protrusion-mediated signalling
[...] helps ensure the gradual emergence and refinement of a pattern of well-spaced
S[ensory] O[rgan] P[recursor]s. (1774933, 11)

In this passage, the notion of “signalling” enables researchers to select the interesting compo-
nents of the developmental phenomena, identifying relevant marks and structures (components
2 and 3) and picking out the relevant spatiotemporal scale for the description of the process,
the scale at which the relevant causal interactions are taking place.

In this regard concepts resemble material research tools such as modern microscopes (e.g.,
X-ray diffraction microscopes or scanning tunneling microscopes, see the analyses in Hacking
[1983] 2007; Barad 2007), which enable epistemic access to phenomena by interfering with them.
Similarly, concepts as cognitive artifacts of science are not neutral and interfere with the available
data by highlighting some dependencies and hiding others. Indeed, BIoLOGICAL COMMUNICATION
emphasizes the structural or organizational aspect of the processes, while hiding the material
(biochemical) details. A description of Notch signalling brackets the complexities involved in
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just Notch protein-ligand interaction which is the signalling event. These elements would be
highlighted in a more standard mechanistic description of the process, but such a molecular
account would not allow access to the cell-level outcomes: the differentiation and segregation
of the cells, etc.

5.2 “Communication” as a mechanism schema

In view of the unique granularity of coMMUNICATION, it can be viewed as a “mechanism schema”.
The notion of a schema has been a component of the neo-mechanist approach from its inception
(Machamer, Darden, and Craver 2000; see also Craver and Darden 2001; Darden 2002). Schemas
are characterized as abstract (incomplete) descriptions of types of mechanisms, that can be
filled out with descriptions of known parts and activities. They can be offered at various levels
of abstraction and generality. They can guide experimental work, specifying what entities
or activities to look for (due to the constraints that types included in the schema introduce),
effectively guiding mechanism discovery, and specifying sites for experimental intervention
even if full description is not known.

In these respects, communicaTiON fits perfectly the definition of a mechanism schema. As
highlighted throughout the paper, description in terms of coMMUNICATION specifies a particular,
abstract organization of the process, highlighting types of components and activities involved.
These types need to be additionally specified and pinpointed to particular physical instantiations
in biological systems, leading to the apparent patchwork-like structure of the concept. But
the constraints communicatioN introduces effectively guides experimental practices. For
instance, disrupting the bioelectrical signals in Planaria impacts their regeneration and induces
a significant modification in their body plan, by leading to a generation of multiple heads (see
Oviedo et al. 2010; Durant et al. 2017; Cervera et al. 2020)—an intervention that relies on
viewing morphogenesis as a communicative process.

As Machamer et al. note (2000, p. 16), schemas frequently figure as activities in higher-level
mechanisms. This captures the “functional” character of communicative interactions visible
in the analysis (section 4). Representing the process in the schema of communication allows
for focusing on the higher-level mechanism, while sufficiently substantiating the activities that
bring it about. Such a “functional” reference to a mechanism schema can only be successful if
there is sufficient agreement on the existence of a mechanism type described by the schema.

Importantly, the account of communication offered here is highly parsimonious. This level
of abstraction provides a highly generalizable notion that can be effectively applied across a
wide range of scales of biological organization (although in general higher abstraction needs
not lead to a wider scope, e.g., Yoshida and Love 2025). The parsimony of this proposal grounds
its integrative promise, which allows for appreciating the similarities of structure across scales.
This integration enhances the opportunities for understanding the processes captured as com-
MUNICATION, regardless of the complexity of the biological instantiation (Potochnik 2017; Rorot
and Milkowski 2024; Wilkenfeld 2019). Further, it motivates knowledge and tool transfer
across the fields, for instance, as is increasingly the case in the basal cognition research (e.g.,
Levin et al. 2021; Lyon et al. 2021), where neuroscientific knowledge is applied to questions
from developmental or plant biology (and vice versa).
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6 CONCLUSIONS

The purpose of the paper is to evaluate the conceptualization of biological and cognitive pro-
cesses in terms of communicaTioN which has been increasingly common in the scientific
literature. To this end, | explored a corpus of approx. 1.1 million scientific articles across life
and cognitive science. The corpus study adopts a mixed-methods approach, connecting compu-
tational quantitative analysis with qualitative close reading, building on existing methodologies
of digital philosophy of science.

The scale of the corpus enables unique insights into broad patterns of use of communicative
terms. I explore the various contexts where “communication” is referenced and on this basis
I suggest that despite the variety of spatiotemporal scales at which communicative processes
are posited, whenever referring to BIOLOGICAL COMMUNICATION, researchers aim to identify
instances of one kind of process, characterized by the shared causal organization set out in
subsection 4.2: (1) two parties, (2) a transferred mark, (3) an enabling structure, and (4) a
function.

Such a notion of communication is a mechanism schema—a (partially) abstracted description
of a type of mechanism, that can be instantiated by a variety of processes (and hence, allows for
multiple further specifications). In this context, the epistemic benefits of BioLogicAL commu-
NICATION appear to be twofold: first, the concept enables an integration of knowledge across
domains of biological and cognitive research, similarly to what the proponents of “scale-free
biology” (Fields and Levin 2020) synthesis submit. However, this goal, while theoretically
consistent with the data found in the corpus, was not explicitly formulated in the analysed
articles.

Instead, the researchers using the notion appear to be more interested in the ability of com-
MUNICATION to capture a particular, causally relevant spatiotemporal scale in the complexity of
biological and cognitive phenomena. At that scale, communicative interactions are causal nodes
offering epistemic and predictive benefits for researchers. Representing biological phenomena
in terms of communication allows identifying opportunities for experimental intervention
and capturing inter-level interactions, where lower-level processes (the molecular details of
signalling events, for instance) result in higher-level outcomes (cell-level events, such as differ-
entiation or cellular migration in development). The success of such accounts strengthens the
view of BIOLOGICAL COMMUNICATION as a robust (in the sense of Wimsatt 2007) phenomenon
across the scales of biological organization. At the same time, commuNIcaTION offers important
theoretical benefits beyond the existing “semiotic” conceptualizations of biological phenomena,
in particular in terms of INFORMATION, as it underscores the processual, interactive character of
biological and cognitive processes (e.g., Brancazio 2023; Dingemanse et al. 2023; Nicholson
and Dupré 2018).
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A APPENDIX l. METHODS
A1 Step 1. Subcorpus selection and preparation

The full S20RC corpus was filtered to select English language articles that are assigned the
discipline of “Biology” or “Psychology” (cognitive science was not among the disciplinary labels
used in S20RC), using the coarse-grained disciplinary assignments from S20RC. The goal was
to limit the noise (i.e., irrelevant uses of “communication”, beyond the biological and cognitive
context) in the dataset.” This resulted in a subcorpus with approx. 2.8 million articles.

The data was further narrowed down to the work published within selected subdisciplines
(see Table 2) by filtering by the journal name, based on the Scimago Journal Ranking (SJR) lists
assigning individual journals to more fine-grained subject categories (lists for the year 2023
were used).” Table 2 summarizes selected research areas and corresponding SJR categories. The
selection of disciplines was intended to filter out applied sciences which are outside the scope
of the current study (e.g., agriculture or forestry). The division has been primarily motivated by
the spatiotemporal scale of biological processes that the areas of biology are concerned with.
It should be regarded as an operationalization of the concept of “scales” for the purpose of
current research, rather than a claim regarding disciplinary distinctions within life and cognitive
science.

The filtered subcorpus was segmented into individual sentences using a rule-based approach.
For each sentence, for the purpose of semantic search, a vector representation was calculated
using a pretrained, general-purpose LLM (the MiniLMv2 model, see Wang et al. 2020; Wang et
al. 2021), selected based on the standard benchmarks, bearing in mind computational restrictions
of the available hardware (see the technical details in the online supplement).

5. For example, while artificial intelligence research is commonly considered part of cognitive science, the
inclusion of the whole discipline of “Computer Science” would result in including papers discussing e.g., com-
puter network protocols, which make heavy use of the terms central to this study (“‘communication”, “signalling’,
“connection’, etc.) but in a distinct, unrelated context—as uncovered in a preliminary investigation of the corpus.

6. The lists are available online at: https://www.scimagojr.com/journalrank.php?year=2023 (accessed October
8,2024).
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Table 2: Areas within life and cognitive sciences analysed in the study, with the corresponding Scimago
Journal Ranking (SJR) labels included in each area. The total number of articles that belongs to
at least one of the identified areas is 1,099,571. Note that SJR lists allow for assigning multiple
disciplines for a journal, so the article counts do not sum to the total of analysed articles. On
average articles have approximately 1.4 discipline assigned, with a median of 1 and a max of 6.

Areas and labels are ordered alphabetically.

AREA LABEL

ARTICLE COUNT
(inclusive)

SJR SUBJECT CATEGORIES INCLUDED

Animal Behaviour

62,628

Animal Science and Zoology
Insect Science
Small Animals

Developmental Biology

27,215

Developmental Biology

Ecology and Evolution

129,045

Ecological Modeling
Ecology
Ecology, Evolution, Behavior and Systematics

Generalist journals

67,967

Agricultural and Biological Sciences (miscellaneous)

Microbiology

267,334

Applied Microbiology and Biotechnology
Cell Biology

Microbiology

Microbiology (medical)

Molecular Biology

587,402

Biochemistry

Biochemistry, Genetics and Molecular Biology (mis-
cellaneous)

Genetics

Genetics (clinical)

Molecular Biology

Molecular Medicine

Structural Biology

Neuroscience

153,377

Behavioral Neuroscience

Cellular and Molecular Neuroscience
Cognitive Neuroscience
Developmental Neuroscience
Neuroscience (miscellaneous)
Sensory Systems

Plant Science

93,934

Plant Science

Psychology

154,651

Developmental and Educational Psychology
Experimental and Cognitive Psychology
Neuropsychology and Physiological Psychology
Psychiatry and Mental Health

Psychology (miscellaneous)

Social Psychology
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A2  Step 2. Semantic search

Using a vector database, I queried the sentence-level embeddings of the subcorpus with the
queries based on theoretical definitions of communicaTiON in a biological context (see discussion
in section 3). For each discipline under investigation (see Table 2) and each query, the search
selected top 10,000 best matching sentences from articles (without duplicating results in case a
sentence was a top result for more than one query or more than one area of interest). To limit
the noise, sentences shorter than 16 characters were omitted from the results (the number was
selected arbitrarily, to limit the appearance of short headers and similar fragments containing
2-3 words). The algorithm uses cosine similarity as the similarity score, a standard metric for
vector comparison (the score is the cosine of the angle between the vectors in the representation
space, with a maximum of 1 for proportional vectors). For each resulting sentence, I also
extracted the corresponding paragraph (using annotations from S20RC or an arbitrary fallback
of 10 neighbouring sentences, where paragraph annotations were not available).

The final number of results depended on the amount of overlap between the queries. For
the current study, this was 84,110 sentences and corresponding paragraphs (sample results
are presented in subsection C.1, and full results are available in the online supplement). The
choice of 10,000 most similar documents for each query and discipline pair is arbitrary. This
criterion was chosen to ensure the comparability across queries and disciplines (for example, the
average similarity score for the results of each query becomes interpretable in this context) and
to provide a sufficient amount of data for further analysis. The alternative would be to select a
cut-off point for the similarity score. However, considering the lack of direct interpretability of
cosine similarity score values, I judged it to be a more arbitrary approach than the former.

A3 Step 3. Topic modelling

For a large-scale investigation into the references to communication, I conducted topic mod-
elling of the paragraphs selected with semantic search. The study used the BERTopic algo-
rithm (Grootendorst 2022; see the comparison of BERTopic and LDA in Lamirel, Lareau, and
Malaterre 2025). Based on vector embeddings for sentences and paragraphs calculated with the
MiniLMv2 model in Step 1. Subcorpus selection and preparation, BERTopic uses dimensional-
ity reduction and clustering algorithms (respectively, the uniform manifold projection, UMAP,
see Mclnnes, Healy, and Melville 2020; and hierarchical density-based clustering, HDBSCAN,
see Campello, Moulavi, and Sander 2013). This unsupervised procedure identifies semantic
clusters in the dataset which are treated as “topics”.

For each such topic, BERTopic constructs a representation using class-based term frequency—-
inverse document frequency [c-TF—IDF; see Sparck Jones (1972)], an algorithm which selects
most characteristic words for each topic. Further, it can construct user-specified representations
which take syntactic features into account (I constructed two such representations, “Nouns +
modifiers” and “Verbs + modifiers” which selects nouns or verbs with their respective modifiers
from the lists generated by c-TF—IDF), or which rely on vector embeddings using the KeyBERT
algorithm (see Grootendorst 2020). KeyBERT calculates the vector distance (semantic similarity)
between candidate keywords and topic embeddings, selects best candidates (least distance), and
filters them with the Maximal Marginal Relevance algorithm, to minimize redundancy between
keywords.
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The number of topics is selected by the algorithm. It tends to produce fine-grained topics
with limited interpretability, but the topics can be reduced into more coarse-grained clusters
by merging topics with most similar representations (judged by their vector embeddings).
The final number of topics is selected using standard coherence metrics, C,, and U, qss (see
the comparison and discussion in Réder, Both, and Hinneburg 2015), to find a coherence/
granularity trade-off. The selection is confirmed through manual, qualitative inspection of the
produced topics and documents grouped into those topics. In the current study, a model with
50 topics is selected (including outliers).

Finally, BERTopic introduces an additional “outlier” topic which collects documents that did
not fit in any of the clusters, and as such is not interpretable. To limit the number of such texts,
the algorithm attempts to assign documents initially classified as outliers to their best-fitting
topics. However, a number of outlier documents usually remains. These are normally omitted
from the analysis.

A4 Step 4 Word Sketch

Fine-grained semantic structure of relevant terms (in particular, “communication”) is explored
through the Word Sketch algorithm (Kilgarriff et al. 2014). Word Sketch uses lemmatized
representation of the semantic search results with syntactic tags (constructed using syntactic
tagging from spaCy Python package) which allows for an analysis of collocations of target
words, retaining the syntactic structure (e.g., separating modifiers or verbs for which the target
is a subject or an object). The Word Sketch algorithm produced lists of top 20 collocates from
different syntactic categories, using a logDice statistic to establish typicality of co-occurrence,
see (Rychly 2008).

A.5 Step 5 Conceptual analysis and close reading

The quantitative data produced in the course of computational analysis, as well as the documents
selected in semantic search, are submitted to close reading and conceptual analysis, using stan-
dard methods of philosophy of science. This step draws from naturalistically-oriented approach
to conceptual analysis (see the essays in Braddon-Mitchell and Nola 2009) and conceptual
engineering (Cappelen 2018; cf. Rorot and Milkowski 2024). There are important limitations to
the evidence provided by computational analysis (see Pence 2025) which these qualitative, inter-
pretative procedures can mitigate. The analyses conducted in the paper strive to be descriptively
accurate of the actual conceptual practice of the use of the notions of interest. Nevertheless, the
proposal has normative implications as it reveals the conceptual “norms researchers espouse
[and] how they reason about them” (Mitkowski and Nowakowski 2025, p. 9).

B APPENDIX 2. QUERIES

A sample of definition-based queries used for semantic search. A full list of queries is available
in the online supplementary materials.

Some sentences were slightly modified to reformulate them as directly definitional and to
remove ellipses and unnecessary fragments that would impact the vector encoding of sentences.

21



B APPENDIX 2. QUERIES

The IDs encode the database from which the query was drawn (either (Toepfer 2011) or

(Toepfer 2024). Similarity score values are average cosine similarities between encoded vectors
of the given query and the 10,000 results from the corpus produced by that query, and have
been approximated to four decimal places.

1.

10.

ID: 0_INFO

QuEery: Communication can be defined in terms of information transfer from a sender to
a receiver by means of a signal.

SimILARITY Score: 1 = 0.3733, 0 = 0.1099

. ID: 1_ADAPT

Query: Communication can be defined in terms of adaptive influence which a sender
exerts on a receiver by means of a signal.

SiMILARITY Score: W = 0.4157, 0 = 0.0789

ID: 2_BC_DEF1

Query: Communication is the transmission or exchange of information or knowledge
between individual organisms.

SiMILARITY ScorE: W = 0.4175, 0 = 0.1170

ID: 3_BC_DEF1_EX1

Query: Communication between animals involves the giving off by one individual of some
chemical or physical signal, that, on being received by another, influences its behaviour.
SimiLARITY Score: 1w = 0.4431, 0 = 0.0615

ID: 4_BC_DEF1_EX2

Query: Communication among animals involves the transmission of information or
some other commodity from one participant to another.

SiMILARITY ScorE: 1 = 0.4653, 0 = 0.0808

. ID: 13_BC_DEEF2

Query: Communication is the physical connection between the parts of a body.
SimILARITY Score: 1 = 0.4037, 0 = 0.1159

ID: 14_BC_DEF2_EX1

Query: Highly integrated systems in which a communication system exists between the
different molecules; This means that the molecules are informed at every moment of what
is going on around them and that they work not in one way but in a highly coordinated
manner.

SimiLARITY ScORE: 1 = 0.4250, 0 = 0.0363

ID: 15_HWB_EX1

Query: Communication necessitates the existence of a code shared between two or more
individuals whose use is mutually beneficial to its possessors, i.e. increases fitness.
SimMILARITY ScorE: 1 = 0.3917, 0 = 0.0309

ID: 16_HWB_EX2

Query: Communication is the transmission of information from one animal to another.
SIMILARITY ScorE: L = 0.4175, 0 = 0.0883

ID: 17_HWB_EX3

Query: Communication is the process in which actors use specially designed [i.e. designed
by natural selection] signals or displays to modify the behaviour of reactors.

SimiLARITY ScORE: 1 = 0.4138, 0 = 0.1061
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C APPENDIX 3. SAMPLE RESULTS

c.1

Manually selected representative results of semantic search

A sample results of semantic search. The examples were selected from the results with highest

cosine similarity (across all queries) and the query corresponding to that score is indicated
below. The examples below were selected qualitatively to show the diversity of the results to
the reader, all the analyses reported in the paper were conducted using the full data (available in
the online supplementary materials). The reference is provided in parenthesis and includes the
CorpusID from S20RC and the sentence number—I use this convention throughout the article

when referring to examples from the corpus analysis, to distinguish them from other citations.

1.

QUERY ID: 5; SIMILARITY sCORE: 0.8085; RESEARCH AREA: Animal Behavior

ResuLT: As communication usually occurs in a network of several animals in signalling
and receiving range of each other [24], the emotional state of a caller may influence the
behaviour of several individuals, addressees in direct interactions and bystanders alike.
(5566073, 24)

QuERry ID: 20; SimiLaARITY sSCORE: 0.6442; REsEarRcH AREA: Developmental Biology
ResuLT: In sum, RA signaling is a key regulator of anteroposterior patterning orches-
trated by Hox codes in at least general ectoderm, central nervous system and endoderm
of chordates. (10613111, 174)

QuERy ID: 6; SimILARITY SCORE: 0.6312; REsEarRcH aREA: Developmental Biology
ResuLT: Intercellular communication is a key biological process that enables cells to co-
ordinate their responses spatially and temporally to physiological changes. (229344625,
128)

QuERy ID: 4; SimiLARITY sCORE: 0.7613; REsearcH AREA: Ecology and Evolution

ResuLT: Animal communication includes a vast array of signalling systems, ranging
from the warning colouration of noxious insects to the complexity of human language.
(18825221, 8)

QuEry ID: 18; SimiLarITY SCORE: 0.6849; RESEARCH AREA: Microbiology

ResuLT: Specifically, transcallosal information exchange is thought to ensure a good
balance between excitation and inhibition of contralateral brain activation during
bimanual performance to suppress inadequate mirror movements [3,12,19]. (251734952,
131)

QuEry ID: 14; SimiLariTY score: 0.5740; REsearcH aArREA: Molecular Biology

ResuLT: At the molecular level, this has led to the emergence of multiple signaling
systems perceived by both interacting parties. (264953331, 9)

QuERyY ID: 26; SiMILARITY sCORE: 0.7253; RESEARCH AREA: Neuroscience

ResuLT: A channel signal is a linear combination of electrode signals that spatially filters
the original multielectrodes recording. (54725834, 36)

. QuEery ID: 25; SIMILARITY scORE: 0.6461; RESEARCH AREA: Plant Science

Resurt: This signaling occurs over timescales that might differ from those traditionally
used to measure activity at the neural or behavioral levels and will likely reveal novel
and exciting new mechanisms of communication between the body and the brain.
(235403109, 153)
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c.2 10 most frequent for the topic model of the uses of “communication”



Table 3: 10 most frequent topics with the number of documents classified as belonging to that topic (Count), excluding the “outliers” topic which was ranked
8th overall. I have chosen the topic names through qualitative review of the different representations produced by BERTopic and a close reading
of the representative documents selected by the algorithm (see Appendix A). The table includes all representations used, limited to top 5 terms
for each. Base representation is the default c-TF-IDF algorithm (class-based term frequency—inverse document frequency, see subsection A.3).
“Nouns and modifiers” and “Verbs and modifiers” use Spacy part-of-speech tagger with the en_core web sm model to extract terms from the c-TF-
IDF which match specified syntactic patterns—in this case, nouns or verbs, and their modifiers (if any). “KeyBERT + MMR” calculates the vector
distance (semantic similarity) between candidate keywords and topic embeddings, selects best candidates (least distance), and filters them with the
Maximal Marginal Relevance algorithm, to minimize redundancy between keywords. Full list of topics is available in the online supplement at:

https://osf.io/z342v/overview?view_only=aca8dfbaa299468fbd3ae35472d74ae2.

Topic Count Name Base representation Nouns and modifiers ~ KeyBERT + MMR Verbs and modifiers
0 7161 NERVOUS SYSTEM neurons, stimulus, in- neurons, stimulus, vi- stimuli, cortical, neu- learning, reward, pro-
formation, visual, brain sual, information, brain rons, cortex, stimulus  cessing, used, using
3 6013 IMMUNE SYSTEM immune, cells, cell, tu- immune, cells, tumor, immunotherapy, im- innate, associated, sig-
mor, immune cells cell, cancer mune cells, immune naling, related, study
response, innate
immune, immunity
1 5211 QUORUM SENSING  signal, cell, protein, signal, cell, protein, net- signaling, gene expres- signaling, binding, us-
gene, network work, gene sion, proteins, bacteria, ing, used, based
pathways
2 4634 PLANT PATHOGENS plant, plants, genes, sig- plant, plants, signaling, pathogens, signaling plant, signaling,
naling, defense genes, resistance pathways, arabidopsis, pathogen,  induced,
biosynthesis, triggered triggered
immunity
6 4241 NOTCH signaling, = pathway, notch, signaling, path- notch signaling, signal- notch, signaling, path-
DEVELOPMENT notch, cell, wnt way, cell, wnt ing pathway, notchl, ways, signalling, acti-

wnt signaling, signaling

vated

Continued on next page
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Table 3: (continued)

Topic Count Name Base representation Nouns and modifiers ~ KeyBERT + MMR Verbs and modifiers
5 3785 SOCIAL FACTORSIN communication, lan- communication, lan- social communication, talk, use, turn, used, un-
LANGUAGE guage, social, children, guage, social, children, social interaction, derstanding
conversation conversation conversations, commu-
nicative, autism
8 3690 SOCIAL BEHAVIORS  social, fitness, individu- fitness, social, individu- evolutionary,  traits, group, given, based,
als, individual, group  als, individual, group =~ mating,  aggression, study, used
behavioral
4 3148 SOCIAL LEARNING  social, human, calls, social, human, calls, primates, behav- learning, wuse, study,
learning, communica- dogs, communication  ioral, chimpanzees, used, contexts
tion behaviors, species
7 3065 ECOLOGICAL COM- species, interactions, species, interactions, microbialcommunities, taxa, used, based, bene-
MUNITIES community, communi- community, microbial, ecological, ecosystem, fit, understanding
ties, microbial communities species, phylogenetic
20 2182 HUMAN animal, animals, wel- animal, animals, dogs, attachment pets, com- care, use, stress, as-
INTERSPECIES fare, human, dogs pets, pet panion animals, animal sisted, related
INTERACTIONS welfare, emotional at-

tachment, animal as-
sisted
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C APPENDIX 3. SAMPLE RESULTS

c.3  Patches of “communication” corresponding to the 10 most popular topics identified in the dataset

In some cases, techniques and properties were supplemented based on qualitative analysis of
articles assigned to this topic and broader domain knowledge, as these elements were not always
readily available from the topic representation and from representative documents, as picked
out by BERTopic.

1.

Toric ID: 0; Toric Name: NERVOUS SYSTEM

Scare: Multiple interacting cells; Domain: Neurons, neural populations (cortex, brain);
TecHNIQUE: Electrophysiological and imaging methods: single cell recordings, electrical
stimulation, two-photon calcium imaging etc.; PrRoPERTY: Activation pattern

Toric ID: 3; Toric Name: IMMUNE SYSTEM

ScaLg: Multiple interacting cells; Domain: Immune system: immune and cancer cells,
their components, incl. antibodies, systemic and local properties (genetic factors, bio-
chemical compounds and their networked interactions), on the timescale of tumor de-
velopment; TEcHNIQUE: In vitro models (e.g., 3D microfluidic devices), flow cytometry,
proximity-based intercellular labelling (e.g., LIPSTIC), RNA sequencing; ProrerTY: Tu-
mor proliferation, patient survival

Toric ID: 1; Toric Name: QUORUM SENSING

Scare: Multiple interacting cells; Domain: Bacterial biofilms, colonies, cell signalling
mechanisms (genes, proteins); TECHNIQUE: Microscopy, calcium fluorescent imaging,
genetic probing, mathematical modelling (differential equations); PropPErTY: Biofilm
growth, cell behaviours, signalling molecule densities

Toric ID: 2; Toric Name: PLANT PATHOGENS

Scatrk: Individual cells; Domain: Receptors, genetic and protein mechanisms within
plant cells; TecuNiQuE: (unclear); PrRorerTY: Cell behaviours (e.g., programmed cell death,
biochemical changes: protein expressions, hormone production etc.)

. Toric ID: 6; Toric Name: NOTCH DEVELOPMENT

Scatk: Individual cells; Domain: Morphogenesis, cell development and specialization
and their subcellular mechanisms; TEcHNIQUE: Immunofluorescence, immunoblotting,
genetic methods (reporter lines, knockouts), flow cytometry; PrRopPERTY: Gene expression,
cell viability and specialization

Toric ID: 5

Toric Name: SOCIAL FACTORS IN LANGUAGE

ScaLe: Multicellular organisms

Domain: Verbal linguistic communication: capacities and use

TecuniQue: Neuropsychological methods (e.g., study of aphasia patients), questionnaire-
based methods, psychological experiments

ProperTY: Vocabulary, language processing efficiency

Toric ID: 8

Toric Name: SOCIAL BEHAVIOURS

ScaLe: Multicellular organisms, multiple interacting organisms

Domain: Group behaviours, social behaviours of individuals

TecuniQuE: Ethological studies, mathematical models

ProperTY: Behavioural patterns, fitness

Toric ID: 4

Toric Name: SOCIAL LEARNING
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C APPENDIX 3. SAMPLE RESULTS

Scare: Multiple interacting organisms

Domain: Social transmission of behaviour

TecuniQue: Ethological studies

ProrerTY: Behavioral repertoires of individuals and populations
Toric ID: 7

Toric Name: ECOLOGICAL COMMUNITIES

ScaLe: Multiple interacting groups

Domain: Ecological species interactions

TecHNIQUE: Microscopy, mathematical models

ProperTY: Diversity, fitness

Toric ID: 20

Toric Name: HUMAN INTERSPECIES INTERACTIONS
ScaLe: Multiple interacting organisms

Domain: Human attitudes and behaviours towards other groups of animals

TecHNIQUE: Questionnaire-based methods, case studies
ProPerTY: Human opinions, human welfare
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