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Abstract. Hypotheses are critical components of scientific argumentation.Know-
ing established hypotheses is often a prerequisite for following and contributing to
scientific arguments in a research field. In scientific publications, hypotheses are
usually presented for specific empirical settings, whereas the related general claim
is assumed to be known. Prerequisites for developing argumentation machines for
assisting scientific workflows are to account for domain-specific concepts needed
to understand established hypotheses, to clarify the relationships between specific
hypotheses and general claims, and to take steps towards formalization. Here, we
develop a framework for formalizing hypotheses in the research field of invasion
biology. We suggest conceiving hypotheses as consisting of three basic build-
ing blocks: a subject, an object, and a hypothesized relationship between them.
We show how the subject-object-relation pattern can be applied to well-known
hypotheses in invasion biology and demonstrate that the contained concepts are
quite diverse, mirroring the complexity of the research field. We suggest a step-
wise approach for modeling them to be machine-understandable using semantic
web ontologies. We use the SuperPattern Ontology to categorize hypothesized
relationships. Further, we recommend treating every hypothesis as part of a hier-
archical system with ‘parents’ and ‘children’. There are three ways of moving
from a higher to a lower level in the hierarchy: (i) specification, (ii) decompo-
sition, and (iii) operationalization. Specification involves exchanging subjects or
objects. Decompositionmeans zooming in andmaking explicit assumptions about
underlying (causal) relationships. Finally, operationalizing a hypothesis means
providing concrete descriptions of what will be empirically tested.

Keywords: Complex claims · invasion biology · ontology · scientific hypotheses

© The Author(s) 2024
P. Cimiano et al. (Eds.): RATIO 2024, LNAI 14638, pp. 3–19, 2024.
https://doi.org/10.1007/978-3-031-63536-6_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-63536-6_1&domain=pdf
http://orcid.org/0000-0002-5522-5632
http://orcid.org/0000-0002-8550-4720
http://orcid.org/0000-0002-5121-2922
http://orcid.org/0000-0003-3328-4217
http://orcid.org/0000-0002-2382-9722
http://orcid.org/0000-0001-9488-1870
http://orcid.org/0000-0002-1384-1218
https://doi.org/10.1007/978-3-031-63536-6_1


4 T. Heger et al.

1 Introduction: Scientific Hypotheses as Complex Claims

In scientific contexts, argumentation is part of established workflows. In an idealized
setting, a research question arises from some applied context or a scientific debate.
Based on this question, the researcher formulates a hypothesis that expresses a rela-
tionship between domain-specific concepts and can be tested empirically. Experiments
or surveys are conducted by measuring the variables or testing the conditions posited
in the hypothesis, and the results are reported together with the empirical methods and
the tested hypothesis in a scientific publication. In such scientific settings, a carefully
developed and thought-through hypothesis (which we see as Toulmin’s [1] “claim” in a
scientific context) is at the core of the argumentation process. This hypothesis must be
specific enough for a researcher to test it empirically. Still, at the same time, it should
also relate to previous general claims made in the community. In actual scientific pub-
lications, the relationship between a hypothesis explicitly formulated for the study’s
context and the general claim it is based on is often neither made explicit nor obvious
[2]. Also, hypotheses are usually given as complex statements that include scientific and
colloquial terms, and the meaning of both can be ambiguous [3]. For instance, the term
“resistance” is used with slightly different meanings by different authors, even within
a given domain, and terms like “often” are interpreted differently by different readers.
Consequently, scientific hypotheses are a challenging case for modeling, as workflows
are required for aligning complex claims with generic structures while at the same time
leaving room for the inclusion of domain-specific concepts and knowledge.

While some suggestions for modeling scientific hypotheses already exist (see
Sect. 2), they are usually hardly accessible to scientists outside the argumentation com-
munity. On the other hand, for experts in formal argumentation, computational linguis-
tics, and semantic modeling, it is not always obvious how best to connect the available
tools and approaches to workflows in empirical sciences. A solution to this challenge is
the formation of interdisciplinary teams. With this publication, we want to share results
from a project that brought together domain experts (in this case, invasion biologists)
with experts from semanticmodeling and computational linguistics [4]. Our project aims
to explore how natural language processing (NLP) and semantic modeling can be lever-
aged to enhance workflows in scientific research. More specifically, our long-term goal
is the automated synthesis of research results testing scientific hypotheses in invasion
biology and other domains. To achieve this goal, it is necessary to develop methods for
linking scientific papers reporting on empirical tests to major hypotheses relevant to the
respective domain.

A prerequisite for such an automated linking of empirical tests to hypotheses is the
formalization of hypothesis statements. In this paper,we introduce a framework for trans-
ferring hypotheses given in scientific papers in the form of natural language statements
into more formalized statements. We use examples from the domain of invasion biology
to demonstrate how the framework can help clarify the relationships between the general
hypotheses put forward in scientific debates and specific, complex hypotheses directly
relating to empirical studies. This paper aims to report on our interdisciplinary efforts
to combine domain-specific knowledge of needs and challenges with expert knowledge
of tools and approaches from semantic modeling and NLP. The resulting framework is
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meant as a guideline to beusedbyexperts in a scientificdomainwhoworkon synthesizing
the knowledge of their field.

In the following, we first give an overview of related work. Next, we introduce
our working example and use that to introduce our suggestion for moving towards a
formalization of scientific hypotheses. We then report on ongoing applications of the
framework. We point out the limitations of our approach and close with an outlook.

2 Related Work

Our suggestions are based on and related to past and ongoing work in the fields of
argumentation modeling, knowledge representation, and invasion biology.

2.1 Argumentation Modeling for Complex Scientific Claims

Argumentation is studied in different fields and disciplines, like philosophy, computer
science, computational linguistics, and more domain-oriented disciplines like biology.
Especially in philosophy, computational linguistics, and NLP, a common approach is
to develop abstract representations of arguments and argumentation processes to under-
stand communication processes and how dissent and consensus form. In this context,
“toy arguments” are often used to demonstrate the applicability of the respective abstract
and formalized argumentation schemes (e.g., [1, 5]). A complementary approach uses
AI-based tools for mining arguments in large amounts of data containing informal, pri-
marily textual statements of real-world arguments (see this survey: [6]). While formal
accounts are often difficult to apply and to scale up to complex real-world arguments,
data-driven argument mining usually does not account for formal aspects of arguments
formulated in text.

Regarding formal argumentation analysis, few studies have focused on scientific
literature. One example is [7], where the authors suggest an explanatory argumentation
framework (EAF) for representing argumentation processes among scientists. In that
case, the goal was to model the conceptual structure of the main arguments brought
forward by different agents in a scientific debate. The focus of this approach is not so
much on the relationship between general and specific claims, nor is the aim to guide
hypothesis formulation or identifying hypotheses in texts.

2.2 Knowledge Representation: Modeling Scientific Language with Knowledge
Graphs

Semantic Web techniques provide ways to formalize knowledge. On the one hand, this
allows machines to act on information; on the other hand, this supports humans in
providing concrete representations (e.g., making hidden assumptions and subtle dif-
ferences in understanding explicit). Knowledge graphs are one such approach that is
widely regarded as very promising. They are successfully used in industry but also
in scientific settings. In knowledge graphs, nodes represent entities of interest, while
edges represent relations between these entities. The graphs are encoded in a (typically
machine-actionable) graph data model [8]. One example of their application to model
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scientific language is [9]. They suggest representing evidence from empirical studies in
neuroscience in the form of Research Maps1. Here, hypothesized causal relationships
are represented as directed graphs, where each node gives the identity and properties of
a biological phenomenon. Experimental evidence can be fed into the graphs, allowing
to visually represent alignment or disagreement between hypotheses and evidence. This
approach, however, focuses on representing the results of empirical work. Consequently,
the scheme does not allow for clarifying hierarchical links between complex hypotheses
tailored to empirical settings and general, major claims. Also, the aim is to provide tem-
plates that researchers can fill out to report their results in a machine-actionable format;
the framework is not intended to enhance argument analysis in textual publications.

With a specific focus on formalizing scientific hypotheses, [10] suggested the DISK
framework and ontology. DISKwas designed to enable automated discovery, hypothesis
testing, and revision. As in the case of the Research Maps framework, the focus is on
modeling results from empirical studies. Therefore, modeling hierarchical relationships
between hypotheses is not straightforward in this setting. Also, as far as we know, the
framework has not been implemented and used. It remains unclear how DISK could be
used to discover complex versions of hypotheses in actual scientific publications.

Since natural language hypothesis statements can be pretty complex, a stepwise
approach towards formalization is practical. TheAIDA language suggested by [11] offers
a first-step method. This method translates natural language statements into atomic,
independent, declarative, and absolute sentences. Such sentences can then derive valid
nodes in a knowledge graph.

2.3 Hypothesis Representation in Invasion Biology

Invasion biology studies human-induced transport, introduction, establishment, spread,
and impact of organisms. Due to global transport and trade, many species have been
translocated to areas outside their natural range [12]. Research in this field is concerned
with identifying mechanisms of invasions, often motivated by the goal of developing
management solutions. The field is of particular interest in the context of argumentation
because numerous major hypotheses have been formulated over time on why species
can establish and spread [13–15] (Table A1). This allows for identifying sets of scientific
publications that argue for or against one of these hypotheses [16]. Such sets can then
be used to develop and test methods for argumentation analysis [17].

In previous work, Heger, Jeschke, and colleagues suggested the hierarchy-of-
hypotheses (HoH) approach, according to which scientific hypotheses can be repre-
sented as hierarchies [2, 16]. In an HoH, a broad, general claim is given as an over-
arching hypothesis at the top level, which branches out into more specific versions
or sub-hypotheses forming the lower levels. These sub-hypotheses either specify how
research on that overarching question has been implemented (‘operational hypotheses’)
or represent conceptual refinements, which can be either specification (e.g., spelling out
factors that could have caused an effect) or decompositions (e.g., illustrating the partial
arguments contained in a broad claim). Concerning the latter, [18] has suggested that it

1 https://researchmaps.org/.

https://researchmaps.org/
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can be helpful to represent mechanistic hypothesis refinements as causal network dia-
grams. Decomposition then means adding nodes to a causal chain or network. In the
following, we build on these ideas for a stepwise formalization of complex scientific
claims.

3 Example: The Biotic Resistance Hypothesis

To demonstrate the challenges connected to treating hypotheses as complex claims in
a real-world setting, we give an example of one of the major hypotheses suggested as
a potential explanation for the successful establishment and spread of invasive species,
namely the Biotic Resistance Hypothesis. In its general version, this hypothesis posits
that “An ecosystem with high biodiversity is more resistant against non-native species
than an ecosystem with lower biodiversity” [19]. In scientific papers, however, such a
general formulation is rarely used [17]. Instead, authors of scientific papers tend to use
formulations that directly account for the particular case they chose to study and the spe-
cific experimental setting. For example, a publication presenting results from empirical
tests of the Biotic Resistance Hypothesis used the following formulations: “…species
already in the community with similar functional traits to those of the invaders should
have the greatest competitive effect on invaders.” “We used experimental communities
in a serpentine grassland in California, USA, to assess the extent to which […] func-
tional diversity influenced success of two different types of invading plants: early-season
annuals (E) and late-season annuals (L)[…]”. [20].

Such complex statements, differing significantly from the general claim they relate
to, can be pretty hard to identify for standard NLP classifiers [17]. Even for scientists,
at least those not familiar with the respective claim and underlying theory (e.g., freshly
starting Ph.D. students), the link of these complex statements to the major hypothesis is
often hard to recognize. An argumentation machine assisting the understanding of such
complex claims and aiding the development of own related hypotheses would therefore
be helpful [4]. However, this requires developing a framework for formalizing scientific
hypotheses and clarifying links between general and specific hypothesis formulations.
In the following, we present a suggestion for such a framework.

4 Towards Formalizing Scientific Hypotheses

Our suggestion involves several steps (Fig. 1). Natural language statements of general
hypotheses are reformulated into AIDA statements [11] by domain experts. These state-
ments are subsequently translated into further formalized statements of the form sub-
ject–relationship–object. A classification scheme allows linking the general statement to
the specific claims, and ontologies specify their components. Further, NLP classifiers are
used to identify general and specific hypothesis statements in texts (this step is described
in [17, 21]).
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Fig. 1. Suggested workflow for developing semi-formal hypothesis statements and clarifying
links between general hypotheses and hypothesis statements in scientific texts.

4.1 A Generic Structure for Scientific Hypotheses

Moving towards a formalized representation of scientific hypotheses in invasion biology,
starting with broad, major hypotheses, is helpful because these are usually less complex
than the refined versions formulated in papers reporting on empirical tests. Taking ten
major hypotheses in invasion biology as examples, the invasion biology experts amongst
the author group translated the textual versions (Table A1) into AIDA statements, fol-
lowing the methodology suggested in [11]. From these, the domain experts developed
formalized versions consisting of a subject, an object, and a hypothesized relationship
between these two (analogously to the familiar format of subject-predicate-object triples
in edge-labeled graphs, e.g., knowledge graphs encoded in the RDF data model). The
subject and the object are often complex in themselves, and we introduced further for-
malization by distinguishing the core variable, a qualifier for cases in which the core
variable has qualitatively distinct states, and a term giving further context concerning
settings in which the statement holds (Table A2).

4.2 Linking Hypothesis Formulations to Semantic Models

A critical element in moving from natural language formulations of hypotheses to for-
malized statements is linking the constituting concepts to entities in machine-actionable



Natural Language Hypotheses in Scientific Papers 9

ontologies. We suggest using the SuperPattern Ontology2 [22] to model the hypothe-
sized relationships between subject and object as well as the qualifiers. It contains a set
of relations useful for describing causal relationships (e.g., “contributes to”, “prevents”,
“inhibits”) and comparisons (e.g., “has smaller value than”, “has larger value than”).

Some invasion biology hypotheses are initially given in a comparative form. This
is the case for the Biotic Resistance Hypothesis but also for Darwin’s Naturalization
Hypothesis, the Disturbance Hypothesis, the Island Susceptibility Hypothesis, the Lim-
iting Similarity Hypothesis, and the Phenotypic Plasticity Hypothesis (Table A1). The
underlying ideas, however, refer to causal relationships. In these cases, we suggest that
both variants can be helpful, the comparative version that is close to the original textual
definition and an additional causal version referring to the underlying causal reasoning
(Table A2). We think of the comparative versions as some kind of operationalization:
In an empirical setting, comparative claims are usually easier to test than causal claims
since the former do not necessarily demand to implement experiments. We suggest for-
malizing the causal variants of the hypotheses in such a way that the subject always
gives the invasion driver, i.e., the factor hypothesized to be the underlying force behind a
biological invasion or its impacts. The object describes the expected invasion outcome.

As Table A2 demonstrates for the ten hypotheses, the variables and the terms giving
context for each subject and object are complex, with little overlap in the used concepts
or terms (an exception being “invasion success”). This mirrors the complexity of the
scientific field of invasion biology, with many potentially influential factors. We, there-
fore, chose a stepwise approach for modeling them in an ontology created explicitly
for this purpose, i.e., the Invasion Biology Ontology INBIO [23]. First, we obtained
expert opinion to identify core terms in each of the ten hypotheses. For the Biotic Resis-
tance Hypothesis, these terms were “ecosystem”, “biodiversity” and “species”. Next, we
searched for existing ontologies containing these terms; where this was successful, we
used a fusion/merge strategy to integrate respective modules into the INBIO [24]. In
further steps, more concepts have been added to provide full conceptual models of the
subjects and objects of the ten hypotheses.

The suggested generic structure does not necessarily capture the structure of all
scientific hypotheses, but we suggest it can be beneficial for hypotheses describing
causal relationships. Hypotheses representing generalized statistical claims (descriptive
or statistical hypotheses [25]) do not necessarily follow this form. In our set of ten
hypotheses, this was the case for the Tens Rule, which posits that “Approximately 10%
of species successfully take consecutive steps of the invasion process” (Tables A1 and
A2).

4.3 Classifying Relationships Between General and Specific Claims

The previous two subsections have described steps toward formalizing broad, overar-
ching hypotheses. A next step that we consider necessary for linking these formalized
versions of major hypotheses to actual hypothesis statements in publications reporting
on empirical tests is to clarify the relationship between the overarching hypotheses and
the refined sub-hypotheses. Building on the HoH approach, we suggest treating every

2 https://larahack.github.io/linkflows_superpattern/doc/sp/index-en.html.

https://larahack.github.io/linkflows_superpattern/doc/sp/index-en.html
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hypothesis as a component of a hierarchical system with ‘parents’ and ‘children’. As
described in [2], we recommend distinguishing between three kinds of refinements: (A)
decomposition, (B) specification, and (C) operationalization (Fig. 2).

Fig. 2. Three approaches for relating general versions of scientific hypotheses to more specific
ones, demonstrated with the example of the Biotic Resistance Hypothesis in invasion biology:
(A) decomposition, (B) specification, and (C) operationalization. See the main text for more
information.

With decomposition, we denote the process of making those causal relationships
explicit, which are implicit parts of the reasoning behind a hypothesis (see [18] for a
worked example of the Enemy Release Hypothesis). Coming back to the Biotic Resis-
tanceHypothesis, the general definition points out thenegative effects of high biodiversity
on invasion success, whereas [20] hypothesizes a competitive effect of native species on
invaders. An expert in invasion biology can draw from background knowledge to make
the connection. For such an expert, it will be evident that intense competition affects
invasion success. The refinement of the Biotic Resistance Hypothesis in [20] thus adds



Natural Language Hypotheses in Scientific Papers 11

nodes to the hypothesized causal graph, making more of the hypothesized mechanism
explicit (Fig. 2A).

In the above example, the authors additionally applied the specification strategy.
Specifying a hypothesis involves exchanging the nodes of the hypothesized causal chain
or networkwithmore concrete versions (Fig. 2B). In the cited example, instead of testing
for a general effect of high biodiversity on the chosen invasive species, the authors tested
for functional diversity effects. By functional diversity, the authors meant the presence
or absence of plant species representing one of four groups that differ in their ecological
behavior, namely early-season plants with an annual life cycle, late-season species with
an annual life cycle, grasses growing in bunches and living longer than one year, and
herbs with the ability to fix atmospheric nitrogen.

The third possibility in which a specific version of a hypothesis can be linked to its
general version is operationalization. To operationalize a hypothesis means to describe
what exactly will be empirically tested. In the described case, the authors chose to exam-
ine the effects of manipulating the composition and diversity of native species of the four
functional groups (early-season annuals, late-season annuals, perennial bunchgrasses,
and nitrogen fixers). Their dependent variable or ‘object’ was the number of established
individuals and the reproductive success of six selected invasive plant species from those
groups (Fig. 2C).

The described operations can also be applied in the other direction. For example,
a hypothetical complex causal chain or network can be simplified, which would be
the inverse of decomposition (Fig. 2A). An existing hypothesis, perhaps derived from
studying a specific context, can be generalized to a broader context (e.g., in terms of taxa
or life stages covered, geographic range or other ecological gradients); this would be the
opposite of specification (Fig. 2B). Finally, from a hypothesis generated, e.g., from an
empirical observation under specified experimental conditions, a broader, more abstract
version can be derived; such an abstractionwould be the opposite of an operationalization
(Fig. 2C).

The suggested scheme can be a basis for linking actual hypothesis statements in
publications reporting on empirical tests to major, more general hypotheses [2, 16]. For
example, in their literature review on the Biotic ResistanceHypothesis, [19] identified 15
empirical studies that focused on functional diversity as a specific form of biodiversity,
whereas 126 empirical tests in their dataset instead studied species richness, which is a
different specification of biodiversity.

To allow for the implementation of the framework in the context of argumentation
analysis, we are currently developing a Hypothesis Ontology containing the concepts
identified as hypothesis components and the possible relationships between general and
specific variants, as just described. Figure 3 depicts the already developed modeling of
types of entities and their relationships; adding concrete instances belonging to these
types (e.g., the Biotic Resistance Hypothesis as one specific Hypothesis) is ongoing
work. In this model, a Hypothesis is linked to a HypothesisDefinition. The definition
“An ecosystem with high biodiversity is more resistant against non-native species than
an ecosystem with lower biodiversity” [19] will be one instance of the type Hypoth-
esisDefinition. The distinction between the Hypothesis and the HypothesisDefinition
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is necessary, as several subtly different definitions exist for many high-level hypothe-
ses. Each of these definitions is further captured in a HypothesisStatement. We model
HypothesisStatements as SuperPatternInstances [22]. They possess a Label, Context,
Subject, Relations, Objects, and Qualifiers. Subjects and Objects can be complex and
consist of Qualifiers, Variables, and Contexts. Hypothesis and HypothesisDefinitions
can have subclass relationships to reflect the hierarchical structure described above. A
Hypothesis can be supported (or refuted) by Evidence and equipped with Provenance
as defined in the Prov-O ontology3.

Fig. 3. Conceptual scheme for the Hypothesis Ontology

5 Applications of the Framework

The current situation in which major scientific research results are mainly published in
PDF format hinders the integration of AI technology in scientific workflows [26]. An
important step towards overcoming this barrier would be to enrich the bibliographic
meta-data of scientific publications with machine-readable information about the pub-
lications’ content, including studied hypotheses. The suggested framework and related
semantic modeling can provide a basis for such endeavors. We are currently explor-
ing two parallel pathways in this direction. The first of these pathways involves using
Wikidata to link entries about publications to entries about hypotheses, while the second
introduces hypotheses as a publication type in its own rights.

The Wikidata pathway builds on community curation workflows under the umbrella
of theWikiCite initiative that collects bibliographic metadata inWikidata [27]. It further
involves the development of tools for exploring the resulting knowledge graph (e.g.
[28]). In this context, we regularly identify invasion biology publications and annotate
them as such, with additional workflows to annotate the identified publications for author

3 https://www.w3.org/TR/prov-o/.

https://www.w3.org/TR/prov-o/
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disambiguation, main subjects, or methods used. For each hypothesis to be used in this
workflow, a dedicated Wikidata entry is required, and we have created such entries for
the most common hypotheses in invasion biology, including those listed in Table A1.
These entries can then be annotated, e.g., in terms of the publications from which they
originated or the concepts they relate to. The aim is to establish links between the
hypotheses and scientific publications testing or discussing them. In the future, this will
allow for better findability of relevant publications in an Open Science environment and
options for on-demand meta-analyses [29].

For the second pathway, we developed a scheme for a new publication type -
Hypothesis Descriptions [30]. Such Hypothesis Descriptions are aimed at formalizing
how invasion biology hypotheses are described (especially in terms of which concepts
and relationships they cover) and how differences between hypothesis variants can be
expressed, both for humans and in a machine-actionable fashion. This scheme is pio-
neered in the open-science journal Research Ideas and Outcomes [31] and builds on the
nanopublication standards beginning to be adopted in biodiversity-related publications
[32].

In the context of invasion biology (and other fields of science), the suggested frame-
work can further be used as a guideline for formulating hypotheses. In invasion biology,
the ambiguity of hypothesis formulations is often considered challenging (see, e.g., [33]).
Still, it is not an established practice to carefully consider the relationship between a spe-
cific, complex claim made in a publication and the general version it has been derived
from or to use consistent language for formulating hypotheses. We suggest that our
framework could offer guidance, thus enhancing research efficiency. For example, in the
case of the Enemy Release Hypothesis, empirical research so far has mainly focused on
only one of its components [33, 34]. However, to establish whether or not this hypothesis
can be regarded as a reasonable explanation for invasion success, it would be necessary
to study the complete hypothesized causal chain. Such gaps are more easily identified
if respective publications clarify which kind of hypothesis refinement is chosen for the
study context.

6 Limitations

Invasion biology, the research domain we used to develop our framework, is a relatively
straightforward example because the domain is characterized by many explicitly formu-
lated major hypotheses repeatedly synthesized by the scientific community [13–16]. In
other disciplines, it might be much harder to even identify such general claims. For the
neighboring discipline of urban ecology, [35] demonstrated how similar lists of major
hypotheses can be collated with a combination of expert involvement and literature anal-
yses. This general approach can, in principle, be applied to any other scientific domain.
Also, we believe that the NLP models we develop based on the introduced hypothe-
sis formalization can be used later for automatic/semi-automatic hypothesis discovery
in other fields as well. The suggestion for linking specific formulations of empirical
tests to general claims is also not limited to an application in invasion biology. [36]
demonstrated how specific claims in medicine can be linked to a general, major claim
by specification and operationalization. Still, future work is needed to clarify for which
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scientific domains it is possible and useful to implement all steps towards hypothesis
formalization outlined above.

Currently, it is an open question how our ontology-based, multi-level formalization
of hypotheses can feed into NLP-based argument mining methods, i.e., hypothesis iden-
tification in particular [21].Whilemuch recent work is on integrating languagemodeling
and knowledge graphs, it is unclear how these methods scale to the complex problem
of hypothesis identification in scientific papers, which requires deep semantic reasoning
and domain-specific knowledge. In future work, relevant ontologies will be integrated
with text-driven approaches to argument mining and enhance the implicit knowledge in
languagemodeling-based approaches with explicit knowledge. This can be achieved, for
instance, with recent methods for so-called “knowledge injection into languagemodels”,
see [25].

Moving towards formalizing scientific hypotheses requires exchanging complex nat-
ural languagewith streamlined and unified terms and concepts. It is necessary to carefully
study under which conditions the gain of formalizing outweighs the potential informa-
tion losses during this process. This challenge can become even more demanding once
the semi-formal statements suggested in Table A2 are further transformed, e.g., into log-
ical statements that provide a foundation for automated reasoning. An annotation study
could be a practical next step to help clarify how well our proposed scheme can capture
complex hypothesis statements in actual scientific texts.

7 Conclusions and Outlook

In this article, we suggested a framework formoving towards a formalization of scientific
hypotheses and clarifying links between general and specific hypothesis formulations.
Developing the framework was an interdisciplinary effort, considering knowledge from
invasion biology, philosophy of science, computational linguistics, and semantic mod-
eling. We suggest our framework can be helpful for argumentation analysis in scientific
publications. Further, it can help in taking steps towards reprocessing scientific pub-
lications and making published research available for AI-based analyses. Finally, the
framework can guide researchers during the hypothesis formulation process. We sug-
gest that domain experts can directly profit from our framework because it motivates to
make intuitions explicit and fosters conceptual analysis, which can directly benefit the
quality of scientific work [37].

Therefore, implementing the framework as a user interaction tool is an essential next
step. A prototype of such a tool already exists, and a first version will soon be available
at hi-knowledge.org4. The tool will help researchers identify major invasion hypotheses
in texts, link to background information necessary for understanding technical terms,
and, in the future, offer guidance to formulate their own specific and complex research
hypothesis tailored to the focal empirical setting. ImplementingAI-based tools in all steps
of the scientific workflow is a timely and urgent need. This would significantly enhance
efficiency [38] and allow for better utilization of knowledge gained in research for
solving current societal challenges. We hope our framework will motivate and facilitate
innovative steps in this direction.

4 https://hi-knowledge.org/.

https://hi-knowledge.org/
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Appendix

Table A1. Ten major hypotheses in invasion biology and their textual definitions as given in [39].

Hypothesis Acronym Definition

Biotic resistance hypothesis BR An ecosystem with high biodiversity is more
resistant against non-native species than an
ecosystem with lower biodiversity

Darwin’s naturalization hypothesis DN Invasion success of non-native species is higher
in areas that are poor in closely related species
than in areas that are rich in closely related
species

Disturbance
Hypothesis

DS Success of non-native species is higher in
highly disturbed than in relatively undisturbed
ecosystems

Enemy release
Hypothesis

ER The absence of enemies in the exotic range is a
cause of invasion success

Invasional meltdown hypothesis IM The presence of non-native species in an
ecosystem facilitates invasion by additional
species, increasing their likelihood of survival
or ecological impact

Island susceptibility hypothesis IS Non-native species are more likely to become
established and have major ecological impacts
on islands than on continents

Limiting similarity hypothesis LS Success of non-native species is high if they
strongly differ from native species, and it is low
if they are similar to native species

Phenotypic plasticity
Hypothesis

PH Invasive species are more phenotypically
plastic than non-invasive or native ones

Propagule pressure hypothesis PP High propagule pressure (a composite measure
consisting of the number of individuals
introduced per introduction event and the
frequency of introduction events) is a cause of
invasion success

Tens rule TEN Approximately 10% of species successfully
take consecutive steps of the invasion process
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Table A2. Semi-formalized representations of ten major hypotheses in invasion biology. For
hypotheses stated as comparisons (Table A1; relationship “has larger value than”), a causal variant
is also given. In the causal hypothesis variants, the subject describes the hypothesized driver and
the object of the invasion outcome. H: Hypothesis, Q: Qualifier. For acronyms, see Table A1.

H Subject Relation-
ship

Object

Q Variable Context Q Variable Context

BR Biodiversity in an ecosys-
tem resistant 
against non-na-
tive species

has larger 
value than

biodiversity in an ecosys-
tem with low 
resistance

High biodiversity in an ecosys-
tem

contributes 
to

low invasibility of that eco-
system

DN Invasion 
success

in ecosystems 
poor in closely 
related species

has larger 
value than

invasion suc-
cess

in ecosys-
tems rich in 
closely re-
lated species

Low number of spe-
cies closely re-
lated to a non-
native species

in an ecosys-
tem

contributes 
to

high invasion suc-
cess

of this spe-
cies in this 
ecosystem

DS Invasion suc-
cess

in highly dis-
turbed ecosys-
tems

has larger 
value than

invasion suc-
cess

in relatively 
undisturbed 
ecosystems

High disturbance of an ecosys-
tem

contributes 
to

high invasion suc-
cess

of non-native 
species in 
that ecosys-
tem

ER No enemies of a species in 
its non-native 
range

contributes 
to

high invasion suc-
cess

of this spe-
cies in the 
new range

IM Invasion suc-
cess 

of previously 
arriving non-
native species 

enables invasion suc-
cess or impact

of new non-
native spe-
cies

IS Invasion suc-
cess and im-
pact of non-na-
tive species

on islands has larger 
value than

Invasion suc-
cess and im-
pact of non-na-
tive species

(continued)
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Table A2. (continued)

H Subject Relation-
ship

Object

Q Variable Context Q Variable Context
Arrival on is-
land and not 
continental 
land

contributes 
to

high invasion suc-
cess and im-
pact

LS Invasion suc-
cess

in ecosystems 
poor in func-
tionally similar 
species

has larger 
value than

invasion suc-
cess

in ecosys-
tems rich in 
functionally 
similar spe-
cies

High functional sim-
ilarity to native 
species

of invasive 
species in an 
ecosystem

contributes 
to

low invasion suc-
cess

of that spe-
cies in that 
ecosystem

PH Phenotypic 
plasticity

of invasive 
species

has larger 
value than

phenotypic 
plasticity

of non-inva-
sive or native 
species

High phenotypic 
plasticity

of a non-native 
species

contributes 
to

high invasion suc-
cess

of this spe-
cies

PP High propagule pres-
sure

of a species in 
its non-native 
range

contributes 
to

high invasion suc-
cess

of this spe-
cies in that 
area

TEN n/a n/a n/a n/a n/a
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