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In the current era of Big Data, existing synthesis tools such as formal meta-analyses are critical means to handle the deluge of information. 
However, there is a need for complementary tools that help to (a) organize evidence, (b) organize theory, and (c) closely connect evidence to 
theory. We present the hierarchy-of-hypotheses (HoH) approach to address these issues. In an HoH, hypotheses are conceptually and visually 
structured in a hierarchically nested way where the lower branches can be directly connected to empirical results. Used for organizing evidence, 
this tool allows researchers to conceptually connect empirical results derived through diverse approaches and to reveal under which circumstances 
hypotheses are applicable. Used for organizing theory, it allows researchers to uncover mechanistic components of hypotheses and previously 
neglected conceptual connections. In the present article, we offer guidance on how to build an HoH, provide examples from population and 
evolutionary biology and propose terminological clarifications.
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In many disciplines, the volume of evidence published  
 in scientific journals is steadily increasing. In principle, 

this increase should make it possible to describe and explain 
complex systems in much greater detail than ever before. 
However, an increase in available information does not 
necessarily correspond to an increase in knowledge and 
understanding (Jeschke et  al. 2019). Publishing results in 
scientific journals and depositing data in public archives 
does not guarantee their practical application, reuse, or the 
advancement of theory. We suggest that this situation can be 
improved by the development, establishment, and regular 
application of methods that have the explicit aim of linking 
evidence and theory.

An important step toward more efficiently exploiting 
results from case studies is synthesis (for this and other key 
terms, see box 1). There is a wealth of methods available 
for statistically combining the results of multiple studies 
(Pullin et al. 2016, Dicks et al. 2017). These methods enable 
the synthesis of research results stemming from different 

studies that address a common question (Koricheva et al. 
2013). In the environmental sciences, evidence synthesis 
has increased both in frequency and importance (Lortie 
2014), seeking to make empirical evidence readily avail-
able and more suitable as a basis for decision-making 
(e.g., evidence-based decision making; Sutherland 2006, 
Diefenderfer et al. 2016, Pullin et al. 2016, Cook et al. 2017, 
Dicks et  al. 2017). Moreover, methodological guidelines 
have been developed, and web portals implemented to col-
lect and synthesize the results of primary studies. Prime 
examples are the platforms www.conservationevidence.
com and www.environmentalevidence.org, alongside the 
European Union–funded projects EKLIPSE (www.eklipse-
mechanism.eu) and BiodiversityKnowledge (Nesshöver 
et  al. 2016). These initiatives have promoted significant 
advances in the organization and assessment of evidence 
and the implementation of synthesis, thus allowing for a 
comprehensive representation of applied knowledge in 
environmental sciences.
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Fostering evidence-based decision-making is crucial to 
solving specific applied problems. However, findings result-
ing from these applied approaches for evidence synthesis 
are usually not reconnected to a broader body of theory. 
Therefore, they do not consistently contribute to a struc-
tured or targeted advancement of theory—for example, by 
assessing the usefulness of ideas. It is a missed opportunity 
to not feed this synthesized evidence back into theory. A 
similar lack of connection to theory has been observed for 
studies addressing basic research questions (e.g., Jeltsch et al. 
2013, Scheiner 2013). Evidence feeding back into theory, 
subsequently leading to further theory development, would 
become a more appealing, simpler and, therefore, more 
common process if there were well described and widely 
accepted methods. A positive example in this respect is 
structural equation modeling, especially if combined with 
metamodels (Grace et al. 2010). With this technique, theo-
retical knowledge directly feeds into mathematical models, 
and empirical data are then used to select the model best 
matching the observations.

In the present article, we provide a detailed description 
of a relatively new synthesis method—the hierarchy-of-
hypotheses (HoH) approach (Jeschke et al. 2012, Heger et al. 
2013)—that is complementary to existing knowledge syn-
thesis tools. This approach offers the opportunity to organize 
evidence and ideas, and to create and display links between 
single study results and theory. We suggest that the repre-
sentation of broad ideas as nested hierarchies of hypotheses 
can be powerful and can be used to more efficiently connect 
single studies to a body of theory. Empirical studies usu-
ally formulate very specific hypotheses, derive predictions 
from these about expected data, and test these predictions 

in experiments or observations. With an HoH, it can be 
made explicit which broader ideas these specific hypotheses 
are linked to. The specific hypotheses can be characterized 
and visualized as subhypotheses of a broader idea or theory. 
Therefore, it becomes clear that the single study, although 
necessarily limited in its scope, is testing an important aspect 
of a broader idea or theory. Similarly, an HoH can be used 
to organize a body of literature that is too heterogeneous for 
statistical meta-analysis. It can be linked with a systematic 
review of existing studies, so that the studies and their find-
ings are organized and hierarchically structured, thus visual-
izing which aspects of an overarching question or hypothesis 
each study is addressing. Alternatively, the HoH approach 
can be used to refine a broad idea on theoretical grounds and 
to identify different possibilities of how an idea, concept, or 
hypothesis can become more specific, less ambiguous, and 
better structured. Taken together, the approach can help to 
strengthen the theoretical foundations of a research field.

In this context, it is important to clarify what is meant 
by hypothesis. In the present article, we apply the terminol-
ogy offered by the philosopher of science Ronald Giere 
and colleagues (Giere et al. 2005, see also Griesemer 2018). 
Accordingly, a hypothesis provides the connection of the 
(formalized or nonformalized) theoretical model that a 
researcher has, describing how a specific part of the world 
works in theory, to the real world by asserting that the model 
fits that part of the world in some specified aspect. A hypoth-
esis needs to be testable, thus allowing the investigation of 
whether the theoretical model actually fits the real world. 
This is done by deriving one or more predictions from the 
hypothesis that state how data (gathered in an observation or 
experiment) should look if the hypothesis is true.

Box 1. Glossary.

Evidence. Available body of data and information indicating whether a belief or proposition is true or valid (Howick 2011, Mupepele 
et al. 2016). These data and information can, for example, stem from an empirical observation, model output, or simulation.

Hypothesis. An assumption that (a) is based on a formalized or nonformalized theoretical model of the real world and (b) can deliver 
one or more testable predictions (after Giere et al. 2005).

  Mechanistic hypothesis. Narrowed version of an overarching hypothesis, resulting from specialization or decomposition of the 
unspecified hypothesis with respect to assumed underlying causes.

  Operational hypothesis. Narrowed version of an overarching hypothesis, accounting for a specific study design. Operational 
hypotheses explicate which method (e.g., which study system or research approach) is used to study the overarching hypothesis.

  Overarching hypothesis. Unspecified assumption derived from a general idea, concept or major principle (i.e., from a general 
 theoretical model).

Prediction. Statement about how data (i.e., measured outcome of an experiment or observation) should look if the underlying hypoth-
esis is true.

Synthesis. Process of identifying, compiling and combining relevant knowledge from multiple sources.

Theory. A high-level—that is, general—system of conceptual constructs or devices to explain and understand ecological, evolutionary 
or other phenomena and systems (adapted from Pickett et al. 2007). Theory can consist of a worked out, integrated body of mechanis-
tic rules or even natural laws, but it may also consist of a loose collection of conceptual frameworks, ideas and hypotheses.
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The HoH approach has already been introduced as a tool 
for synthesis in invasion ecology (Jeschke et al. 2012, Heger 
et  al. 2013, Heger and Jeschke 2014, Jeschke and Heger 
2018a). So far, however, explicit and consistent guidance on 
how to build a hierarchy of hypotheses has not been formally 
articulated. The primary objective of this publication there-
fore is to offer a concrete, consistent, and refined description 
for those who want to use this tool or want to adopt it to 
their discipline. Furthermore, we want to stimulate meth-
odological discussions about its further development and 
improvement. In the following, we outline the main ideas 
behind the HoH approach and the history of its develop-
ment, present a primer for creating HoHs, provide examples 
for applications within and outside of invasion ecology, and 
discuss its strengths and limitations.

The hierarchy-of-hypotheses approach
The basic tenet behind the HoH approach is that complex-
ity can often be handled by hierarchically structuring the 
topic under study (Heger and Jeschke 2018c). The approach 
has been developed to clarify the link between big ideas, 
and experiments or surveys designed to test them. Usually, 
experiments and surveys actually test predictions derived 
from smaller, more specific ideas that represent an aspect 
or one manifestation of the big idea. Different studies all 
addressing a joint major hypothesis consequently often each 
address different versions of it. This diversity makes it hard 
to reconcile their results. The HoH approach addresses this 
challenge by dividing the major hypothesis into more spe-
cific formulations or subhypotheses. These can be further 
divided until the level of refinement allows for direct empiri-
cal testing. The result is a tree that visually depicts different 
ways in which a major hypothesis can be formulated. The 
empirical studies can then be explicitly linked to the branch 
of the tree they intend to address, thus making a conceptual 
and visual connection to the major hypothesis. Hierarchical 
nestedness therefore allows one to structure and display 
relationships between different versions of an idea, and to 
conceptually collate empirical tests addressing the same 
overall question with divergent approaches. A hierarchi-
cal arrangement of hypotheses has also been suggested by 
Pickett and colleagues (2007) in the context of the method of 
pairwise alternative hypothesis testing (or strong inference, 
Platt 1964). However, we are not aware of studies that picked 
up on or further developed this idea.

The HoH approach in its first version (Jeschke et al. 2012, 
Heger et al. 2013, Heger and Jeschke 2014) was not a formal-
ized method with a clear set of rules on how to proceed. It 
emerged and evolved during a literature synthesis project 
through dealing with the problem of how to merge results 
of a set of highly diverse studies without losing significant 
information on what precisely these studies were addressing. 
In that first iteration of the HoH method, the branches of the 
hierarchy were selected by the respective author team, on the 
basis of expert knowledge and assessment of published data. 
Therefore, pragmatic questions guided the creation of the 

HoH (e.g., which kind of branching helps group studies in 
a way that enhances interpretation?). Through further work 
on the approach, helpful discussions with colleagues, and 
critical comments (Farji-Brener and Amador-Vargas 2018, 
Griesemer 2018, Scheiner and Fox 2018), suggestions for 
its refinement were formulated (Heger and Jeschke 2018b, 
2018c). The present article amounts to a further step in the 
methodological development and refinement of the HoH 
approach, including terminological clarifications and practi-
cal suggestions.

A primer for building a hierarchy of hypotheses
With the methodological guidance provided in the fol-
lowing, we take the initial steps toward formalizing the 
application of the HoH approach. However, we advocate 
that its usage should not be confined by rules that are too 
strict. Although we appreciate the advantages of strict 
methodological guidelines, such as those provided by The 
Collaboration for Environmental Evidence (2018) for syn-
thesizing evidence in systematic reviews, we believe that 
when it comes to conceptual work and theory develop-
ment, room is needed for creativity and methodological 
flexibility.

Applying the HoH approach involves four steps (figure 1). 
We distinguish two basic aims for creating an HoH: organiz-
ing evidence and organizing theory. These basic aims reflect 
the distinction between empirical and theoretical modeling 
approaches in Griesemer (2013). Creating and displaying 
links between evidence and theory can be part of the process 
in either case. In the first case (i.e., if the aim is to organize 
evidence), the process starts with a diverse set of empiri-
cal results and the question of how these can be grouped 
to enhance their joint interpretation or further analysis. In 
the second case (i.e., if the aim is to organize theory), the 
process of creating the hierarchy starts with decomposing 
an overarching hypothesis. An HoH allows one to make the 
meaning of this overarching hypothesis more explicit by 
formulating its components as separate subhypotheses from 
which testable, specific predictions can be derived.

Step 1. The starting point for an HoH-based analysis in 
both cases, for organizing evidence as well as for organiz-
ing theory, is the identification of a focal hypothesis. This 
starting point is followed by the compilation of information 
(step 1 in figure 1). Which information needs to be compiled 
depends on whether the aim is structuring and synthesizing 
empirical evidence provided by a set of studies (e.g., Jeschke 
and Heger 2018a and example 1 below) or whether the 
research interest is more in the theoretical structure and sub-
division of the overarching hypothesis (see examples 2 and 
3 below). The necessary information needs to be gathered 
by means of a literature review guided by expert knowledge. 
Especially if the aim is to organize evidence, we recommend 
applying a standardized procedure (e.g., PRISMA, Moher 
et al. 2015, or ROSES, Haddaway et al. 2018) and recording 
the performed steps.
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Step 2. The next step is to create the hierarchy (step 2 in 
figure 1). If the aim is to organize evidence, step 1 will have 
led to the compilation of a set of studies empirically address-
ing the overarching hypothesis or a sufficiently homoge-
neous overarching theoretical framework. In step 2, these 
studies will need to be grouped. Depending on the aim of 
the study, it can be helpful to group the empirical tests of 
the overarching hypothesis according to study system (e.g., 
habitat, taxonomic group) or research approach (e.g., mea-
sured response variable). For example, in tests of the biotic 
resistance hypothesis in invasion ecology, which posits that 
an ecosystem with high biodiversity is more resistant against 
nonnative species than an ecosystem with lower biodiver-
sity, Jeschke and colleagues (2018a) grouped empirical tests 
according to how the tests measured biodiversity and resis-
tance against nonnative species. Some tests measured biodi-
versity as species richness, others as evenness or functional 
richness. The groups resulting from such considerations can 

be interpreted as representing opera-
tional hypotheses, because they specify 
the general hypothesis by accounting 
for diverse research approaches—that is, 
options for measuring the hypothesized 
effect (see also Griesemer 2018, Heger 
and Jeschke 2018c, as well as figure 2a 
and example 1 below). In such cases, 
we recommend displaying all resulting 
subhypotheses, if feasible.

If the aim is to organize theory, the 
overarching hypothesis is split into inde-
pendent components on the basis of 
conceptual considerations (figure 2b 
and 2c). This splitting of the overarch-
ing hypothesis can be done by creat-
ing branches according to which factors 
could have caused the respective pro-
cess or pattern (see example 2 below, 
figure 2b).

Broad, overarching hypotheses often 
consist of several complementary partial 
arguments that are necessary elements. 
Consider the question why species often 
are well adapted to their biotic environ-
ment. A common hypothesis suggests 
that enduring interaction with enemies 
drives evolutionary changes, thus lead-
ing to adaptations of prey to their ene-
mies (see example 3). This hypothesis 
presupposes that species face increasing 
risks from enemies but also that species’ 
traits evolve in response to the changed 
risk (figure 2c and example 3 below). 
Decomposing overarching hypotheses 
into their partial arguments by formulat-
ing separate mechanistic hypotheses can 
enhance conceptual clarity and elucidate 

that sometimes, studies combined under one header are in 
fact addressing very different things.

For any type of branching, it is critical to identify compo-
nents or groups (i.e., branches) that are mutually exclusive 
and not overlapping, so that an unambiguous assignment of 
single cases or observations into a box (i.e., subhypothesis) 
can be possible. If this is not feasible, it may be necessary to 
use conceptual maps, networks or Venn diagrams rather than 
hierarchical structures (figure 1, step 2; also see supplemental 
table S1). Therefore, care should be taken not to impose a 
hierarchical structure in cases where it is not helpful.

For many applications, the process of building an HoH 
can stop at this step, and a publication of the results can be 
considered (step 4). The resulting HoH can, for example, 
show the connection of a planned study to a body of theory, 
explicate and visualize the complexity of ideas implicitly 
included in a major hypothesis, or develop a research pro-
gram around an overarching idea.

Step 1: Compiling theoretical or empirical information

Recommendation: 
Perform this step as systematic review (cf. ROSES, Haddaway et al 2018; first step only or full protocol)

Step 2: Creating the hierarchy 
Task: 
Build a hierarchy of hypotheses

Recommendation: 
Carefully check if a hierarchical structure is appropriate  

Identify groups of empirical tests 
(e.g. according to 

research approach)

Can the groups be hierarchically 
connected to the overarching 

idea or concept?
Network or
Venn diagram

Build the hierarchy

Are all groups conceptually 
exclusive?

Visualize as figure 

Identify components 
of overarching hypothesis (e.g. 
according to potential drivers of 

effect, or partial arguments)

Are the components 
conceptually exclusive?

Build the hierarchy

NO

YES

Can the components be 
hierarchically subdivided?

NO

YES

Organizing evidence Organizing theory

NO

Tools:
Expert knowledge,
literature review

Tasks: 
Identify overarching idea, hypothesis or concept to 
focus on; collect theoretical information (for organizing 
ideas) or available evidence (for organizing evidence)

Tools:
Process see flow charts and main text

YES

NO

YES

Step 3a (optional): Connecting the 
hierarchy with data
Tasks: 
Identify concrete research gaps and/or assess the 
generality and range of applicability for hypotheses
Tools:
Manually connect hypotheses to evidence, or 
use automated processes (e.g. machine learning)

Recommendation: 
Collect information on measurement that may be 
used to analyze robustness and range of 
applicability

Step 3b (optional): Linking the hierarchy 
to other parts of theory
Tasks: 
Search for ways to integrate the HoH into other 
parts of theory

Tools:
Hypothesis networks, existing theoretical 
frameworks

Recommendation: 
Search for connections to theory in other 
disciplines, or look for conceptual overlaps that 
have not been considered yet   

Step 4: Publication
Task: 
Make the resulting HoH available 

Recommendation: 
Consider publishing open access, and via new forms of knowledge representation

Tools:
Classical papers, interactive figures, 
hi-knowledge.org, research networks, 
other websites

Figure 1. Workflow for the creation of a hierarchy of hypotheses. For a detailed 
explanation, see the main text.
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Step 3a. If the aim is to identify research gaps, or to 
assess the generality or range of applicability of a major 
hypothesis, however, a further step must be taken (figure 
1, step 3a): The HoH needs to be linked to empirical data. 
In previous studies (e.g., Jeschke and Heger 2018a), this 
step was done by assigning empirical studies to the sub-
hypotheses they addressed and assessing the level of sup-
porting evidence for the predictions derived from each 
hypothesis or subhypothesis. This assignment of studies 
to subhypotheses can be done either by using expert judg-
ment or by applying machine learning algorithms (for 
further details, see Heger and Jeschke 2014, Jeschke and 
Heger 2018a, Ryo et al. 2019). Depending on the research 
question, the available resources and the structure of 
the data, the level of evidence can be assessed for each 
subhypothesis as well as for the higher-level hypotheses 
and can then be compared across subhypotheses. Such 
a comparison can provide information on the generality 
of an overarching hypothesis (i.e., its unifying power and 
breadth of applicability) or on the range of conditions 
under which a mechanism applies (see supplemental 
table S2 for examples). Before an HoH organizing theory 
is connected to empirical evidence, it will be necessary in 
most cases to include operational hypotheses at the lower 
levels, specifying, for example, different possible experi-
mental approaches.

Step 3b. The hierarchical approach can 
additionally be used to connect the HoH 
developed in step 2 to a related body 
of theory. For example, Heger and col-
leagues (2013) suggested that the existing 
HoH on the enemy release hypothesis 
(see example 1 below) was conceptu-
ally connected to another well-known 
hypothesis—the novel weapons hypothe-
sis. As a common overarching hypothesis 
addressing the question why species can 
successfully establish and spread outside 
of their native range, they suggested 
the “lack of eco-evolutionary experience 
hypothesis”; the enemy release and the 
novel weapons hypotheses are consid-
ered subhypotheses of this overarching 
hypothesis. This optional step can there-
fore help to create missing links within a 
discipline or even across disciplines.

Performing this step requires the study 
of the related body of theory, looking 
for conceptual overlaps and overarching 
topics. It may turn out that hypotheses, 
concepts, and ideas exist that are con-
ceptually linked to the focal overarch-
ing hypothesis but that these links are 
nonhierarchical. In these cases, it can be 
useful to build hypothesis networks and 
apply clustering techniques to identify 

underlying structures (see, e.g., Enders et al. 2020). This step 
can also be applied in cases in which the HoH has been built 
to organize evidence.

Step 4. Once the HoH is finalized, it can be published in 
order to enter the public domain and facilitate the advance-
ment of the methodology and theory development. For the 
future, we envision a platform for the publication of HoHs to 
make the structured representations of research topics avail-
able not only via the common path of journal publications. 
The webpage www.hi-knowledge.org (Jeschke et al. 2018b) 
is a first step in this direction and is planned to allow for the 
upload of results in the future.

Application of the HoH approach: Three examples
We will now exemplify the process of creating an HoH. 
The first example starts with a diverse set of empirical tests 
addressing one overarching hypothesis (i.e., with the aim 
to organize evidence), whereas the second and third exam-
ples start with conceptual considerations on how different 
aspects are linked to one overarching hypothesis (in the 
present article, the aim is to organize theory).

Example 1: The enemy release hypothesis as a hierarchy. The 
first published study showing a detailed version of an 
HoH focused on the enemy release hypothesis (Heger and 

Branching based on conceptual consideraons

Branching based on empirical research approach

Operaonal 
hypotheses

Empirical approach
How has research been implemented ?

Mechanisc
hypotheses

Decomposi�on
Which paral arguments does the
hypothesis consist of?

Specializa�on
Which factors could have caused
the effect?

Mechanisc
hypotheses

a

b

c

Population size is regulated
by resource limitation

Population size is regulated
by predation

Population size is regulated by
density-dependent processes

… in comparison to native 
species

… in the invaded compared 
to their native range

Alien species are released
from their enemies

Species face
increasing risk

Species respond
with changes in traits

Enemies direct evolution

Figure 2. Three different types of branching in a hierarchy of hypotheses. The 
branching example shown in (a) is inspired by example 1 in the main text, (b) 
by example 2 (see also figure 3b), and (c) by example 3 (see also figure 4).
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Jeschke 2014). This is a prominent hypothesis in invasion 
biology (Enders et al. 2018). With respect to the research 
question of why certain species become invasive—that is, 
why they establish and spread in a new range—it posits, 
“The absence of enemies is a cause of invasion success” 
(e.g., Keane and Crawley 2002). With a systematic lit-
erature review, Heger and Jeschke (2014) identified studies 
addressing this hypothesis. This review revealed that the 
hypothesis has been tested in many different ways. After 
screening the empirical tests with a specific focus on which 
research approach had been used, the authors decided 
to use three branching criteria: the indicator for enemy 
release (actual damage, infestation with enemies or perfor-
mance of the invader); the type of comparison (alien versus 
natives, aliens in native versus invaded range or invasive 
versus noninvasive aliens); and the type of enemies (spe-
cialists or generalists). On the basis of these criteria, Heger 
and Jeschke created a hierarchically organized represen-
tation of the hypothesis’s multiple aspects. The order in 
which the three criteria were applied to create the hier-
archy in this case was based on practical considerations. 
Empirical studies providing evidence were then assigned 
to the respective branch of the corresponding hierarchy to 
reveal specific subhypotheses that were more and others 
that were less supported (Heger and Jeschke 2014).

In later publications, Heger and Jeschke suggested some 
optional refinements of the original approach (Heger and 
Jeschke 2018b, 2018c). One of the suggestions was to distin-
guish between mechanistic hypotheses (originally termed 
working hypotheses) and operational hypotheses as differ-
ent forms of subhypotheses when building the hierarchy. 
Mechanistic hypotheses serve the purpose of refining the 
broad, overarching idea in a conceptual sense (figure 2b 
and 2c), whereas operational hypotheses refine the hypoth-
eses by accounting for the diversity of study approaches 
(figure 2a).

The enemy release hypothesis example indicates that 
it can be useful to apply different types of branching cri-
teria within one study. Heger and Jeschke (2014) looked 
for helpful ways of grouping diverse empirical tests. Some 
of the branches they decided to create were based on dif-
ferences in the research methods, such as the distinction 
between comparisons of aliens versus natives, and com-
parisons of aliens in their native versus the invaded range 
(figure 2a). Other branches explicate complementary partial 
arguments contained in the major hypothesis: Studies in 
which the researchers asked whether aliens are confronted 
with fewer enemies were separated from those in which 
they asked whether aliens that are released show enhanced 
performance.

In this example, the HoH approach was used to organize 
evidence and therefore to expose the variety of manifesta-
tions of the enemy release hypothesis and to display the 
level of evidence for each branch of the HoH (see Heger and 
Jeschke 2018b and supplemental table S2 for an interpreta-
tion of the results).

Example 2: Illustrating the potential drivers of the snowshoe hare–
Canadian lynx population cycles. Understanding and predicting 
the spatiotemporal dynamics of populations is one of ecol-
ogy’s central goals (Sutherland et al. 2013), and population 
ecology has a long tradition of trying to understand causes 
for observed patterns in population dynamics. However, 
research efforts do not always produce clear conclusions, 
and often lead to competing explanatory hypotheses. A 
good example, which has been popularized through text-
books, is the 8–11-year synchronized population cycles of 
the snowshoe hare (Lepus americanus) and the Canadian 
lynx (Lynx canadensis; figure 3a). From eighteenth- to 
nineteenth-century fur trapping records across the North 
American boreal and northern temperate forests, it has been 
known that predator (lynx) and prey (hare) exhibit broadly 
synchronous population cycles. Research since the late 1930s 
(MacLulich 1937, Elton and Nicholson 1942) has tried to 
answer the question how these patterns are produced. A lin-
ear food chain of producer (vegetation)—primary consumer 
or prey (snowshoe hares)—secondary consumer or predator 
(Canadian lynx) proved too simplistic as an explanation 
(Stenseth et  al. 1997). Instead, multiple drivers could have 
been responsible, resulting in the development of multiple 
competing explanations (Oli et al. 2020).

In the present article, we created an HoH to organize the 
current suggestions on what drives the snowshoe hare–lynx 
cycle (figure 3b). The aim of this exercise is to visualize con-
ceptual connections rooted in current population ecological 
theory and, therefore, to enhance understanding of the com-
plexity of involved processes.

A major hypothesis in population ecology is that popula-
tions are regulated by the interaction between biotic and 
abiotic factors. This regulation can either happen through 
processes coupled with the density of the focal organisms 
(density-dependent processes) or through density-inde-
pendent processes, such as variability in environmental 
conditions or disturbances. This conceptual distinction can 
be used to branch out multiple mechanistic hypotheses that 
specify particular hypothetical mechanisms inducing the 
observed cycles. For example, potential drivers of the hare–
lynx cycles include density-dependent mechanisms linked 
to bottom-up resource limitation and top-down predation, 
and density-independent mechanisms related to 10-year sun 
spot cycles. Figure 3b also summarizes the kind of experi-
ments that have been performed and how they relate to the 
corresponding mechanistic hypotheses. For example, food 
supplementation and fertilization experiments were used to 
test the resource limitation hypothesis and predator exclu-
sion experiments to test the hypothesis that hare cycles are 
induced by predator abundance. Figure 3b therefore high-
lights why it can be useful to apply very different types of 
experiments to test one broad overarching hypothesis.

The experiments that have been performed suggest that 
the predator–prey cycles result from an interaction between 
predation and food supplies combined with other modifying 
factors including social stress, disease and parasitism (Krebs 
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a

b

Figure 3. (a) The population cycle of snowshoe hare and Canadian lynx and (b) a hierarchy of hypotheses illustrating 
its potential drivers. The hypotheses (blue boxes) branch from the overarching hypothesis into more and more precise 
mechanistic hypotheses and are confronted with empirical tests (arrows leading to grey boxes) at lower levels of the 
hierarchy. The broken lines indicate where the hierarchy may be extended. Sources: The figure is based on the summary of 
snowshoe hare–Canadian lynx research (Krebs et al. 2001, Krebs et al. 2018 and references therein). Panel (a) is reprinted 
with permission from OpenStax Biology, Chapter 45.6 Community Ecology, Rice University Publishers, Creative Commons 
Attribution License (by 4.0).
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et al. 2001, 2018). Other experiments can be envisioned to 
test additional hypotheses, such as snow-removal experi-
ments to test whether an increase in winter snow, induced 
by changed sun spot activity, causes food shortages and high 
hare mortality (Krebs et al. 2018).

In this example, alternate hypotheses are visually con-
trasted, and the different experiments that have been done 
are linked to the nested structure of possible drivers. This 
allows one to intuitively grasp the conceptual contribution 
of evidence stemming from each experiment to the overall 
explanation of the pattern. In a next step, quantitative results 
from these experiments could be summarized and displayed 
as well—for example, applying formal meta-analyses to 
summarize and display evidence stemming from each type 
of experiment. This example highlights how hierarchically 
structuring hypotheses can help to visually organize ideas 
about which drivers potentially cause a pattern in a complex 
system (for a comparison, see figure 11 in Krebs et al. 2018).

Example 3: The escalation hypothesis of evolution. The escalation 
hypothesis is a prominent hypothesis in evolutionary biol-
ogy. In response to the question why species often seem to be 
well adapted to their biotic environment, it states that ene-
mies are predominant agents of natural selection, and that 
enduring interactions with enemies brings about long-term 
evolutionary trends in the morphology, behavior, and distri-
bution of organisms. Escalation, however, is an intrinsically 
costly process that can proceed only as long as resources 
are both available and accessible. Since the publication of 
Vermeij’s book Evolution and Escalation in 1987, which 
is usually considered the start of the respective modern 
research program, escalation has represented anything but a 
fixed theory in its structure or content. The growth of esca-
lation studies has led to the development of an increasing 
number of specific subhypotheses derived from Vermeij’s 
original formulation and therefore to an expansion of the 
theoretical domain of the escalation hypothesis. Escalation 
has been supported by some tests but questioned by others.

Similar as in example 2, an HoH can contribute to con-
ceptual clarity by structuring the diversity of escalation ideas 
that have been proposed (figure 4; Dietl 2015). To create 
the HoH for the escalation hypothesis, instead of assem-
bling empirical studies that have tested it, Dietl (2015) went 
through the conceptual exercise of arranging existing escala-
tion ideas on the basis of expert knowledge.

In its most generalized formulation—that is, “enemies 
direct evolution”—the escalation hypothesis can be situated 
at the top of a branch (figure 4) along with other hypotheses 
positing the importance of interaction-related adaptation, 
such as Van Valen’s (1973) Red Queen hypothesis and 
hypotheses derived from Thompson’s (2005) geographic 
mosaic theory of coevolution. Vermeij’s original (1987) for-
mulation of the hypothesis of escalation is actually composed 
of two separate testable propositions: “Biological hazards due 
to competitors and predators have become more severe over 
the course of time in physically comparable habitats”  (p. 49 

in Vermeij 1987) and “traits that enhance the competitive 
and antipredatory capacities of individual organisms have 
increased in incidence and in degree of expression over the 
course of time within physically similar habitats” (p. 49 in 
Vermeij 1987). As is the case with other composite hypoth-
eses, these ideas must be singled out before the overarching 
idea can be unambiguously tested. This requirement creates 
a natural branching point in the escalation HoH, the risk and 
response subhypotheses (figure 4).

Other lower-level hypotheses and aspects of the risk 
and response subhypotheses are possible. The risk side 
of the HoH can be further branched into subhypotheses 
suggesting either that the enemies evolved enhanced traits 
through time (e.g., allowing for greater effectiveness in prey 
capture) or that interaction intensity has increased through 
time (e.g., because of greater abundance or power of preda-
tors; figure 4). The response side of the HoH also can be 
further branched into several subhypotheses (all addressed 
by Vermeij 1987). In particular, species’ responses could 
take the form of a trend toward more rapid exploitation of 
resources through time, an increased emphasis on traits that 
enable individuals to combat or interfere with competitors, 
a trend toward reduced detectability of prey through time, 
a trend of increased mobility (that is, active escape defense) 
through time, or an increase in the development of armor 
(or passive defense) through time. Arranging these different 
options of how escalation can manifest in boxes connected 
to a hierarchical structure helps to gain an overview. The 
depiction of subhypotheses in separate boxes does not 
indicate that the authors believe there is no interaction 
possible among these factors. For example, the evolution 
of enhanced traits may lead to an increase in interaction 
intensity. The presented HoH should be viewed only as one 
way to organize theory. It puts emphasis on the upward 
connections of subhypotheses to more general hypotheses. 
If the focus is more on interactions among different factors, 
other graphical and conceptual approaches may be more 
helpful (e.g., causal networks; for an example, see Gurevitch 
et al. 2011).

The HoH shown in figure 4 can be used as a conceptual 
backbone for further work in this field. Also, it can be related 
to existing evidence. This HoH will allow identification of 
data gaps and an understanding of which branches of the 
tree receive support by empirical work and therefore should 
be considered important components of escalation theory.

Strengths and limits of the HoH approach
The HoH approach can help to organize theory, to organize 
evidence, and to conceptualize and visualize connections of 
evidence to theory. Previously published examples of HoHs 
(e.g., Jeschke and Heger 2018a) and example 1 given above 
demonstrate its usefulness for organizing evidence, for 
pointing out important differences among subhypotheses 
and for conceptually and graphically connecting empirical 
results to a broader theoretical idea. Such an HoH can make 
the rationale underlying a specific study explicit and can 
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elucidate the conceptual connection of the study to a con-
crete theoretical background.

Applying the HoH approach can also help disclose knowl-
edge gaps and biases (Braga et al. 2018) and can help reveal 
which research approaches have been used to assess an 
overarching idea (for examples, see Jeschke and Heger 
2018a; other methods can be used to reach these aims too—
e.g., systematic maps; Pullin et  al. 2016, Collaboration for 
Environmental Evidence 2018). On the basis of such infor-
mation, future research can be focused on especially promis-
ing areas or methods.

Besides such descriptive applications, the HoH approach 
can be combined with evidence assessment techniques 
(step 3a in figure 1). It can help to analyze the level of 
evidence for subhypotheses and therefore deliver the basis 
for discussing their usefulness and range of applicability 
(table S2; Jeschke and Heger 2018). Recent studies demon-
strate that this kind of application can be useful for research 
outside of ecology as well—for example, in biomedical 
research (Bartram and Jeschke 2019) or even in a distant 
field like company management research (Wu et al. 2019).

We did not detail in the present article how the confron-
tation of hypotheses with evidence in an HoH can be done, 
but in previous work it was shown that this step can deliver 
the basis for enhancing theory. For example, the HoH-based 
literature analyses presented in Jeschke and Heger (2018a) 
showed that several major hypotheses in invasion biol-
ogy are only weakly supported by evidence. The authors 
consequently suggested to reformulate them (Jeschke and 
Heger 2018b) and to explicitly assess their range of applica-
bility (Heger and Jeschke 2018a). Because an HoH visually 

connects data and theory, the approach motivates one to 
feed empirical results back into theory and, therefore, use 
them for improving theory. It is our vision that in the future, 
theory development in ecology and evolution could largely 
profit from a regular application of the HoH approach. Steps 
to improve theory can include highlighting strongly sup-
ported subhypotheses, pointing out hypotheses with low 
unification power and breadth of applicability, shedding 
light on previously unnoticed connections, and revealing 
gaps in research.

The examples on the hare–lynx cycles and the escalation 
hypothesis showed that the HoH approach can also guide 
theory-driven reasoning in both the ecological and evolu-
tionary domains, respectively. That is, the HoH approach 
can allow the reconsideration and reorganization of concep-
tual ideas without directly referring to data. Major hypoth-
eses or research questions are usually composed of several 
elements, and above, we suggest how these elements can 
be exposed and visualized (figure 2b and 2c). In this way, 
applying the HoH approach can help to enhance conceptual 
clarity by displaying different meanings and components 
of broad concepts. Conceptual clarity is not only useful to 
avoid miscommunication or misinterpretation of empirical 
results, but we expect that it will also facilitate theory devel-
opment by enhancing accurate thinking and argumentation.

In addition, the nested, hierarchical structure invites look-
ing for connections upward: Figure 4 shows the escalation 
hypothesis as one variant of an even broader hypothesis, 
positing that “Species interactions direct evolution.” This 
in turn can enhance the future search for patterns and 
mechanisms across unconnected study fields. A respective 

Escalation Hypothesis
Enemies direct evolution

Species face
increasing risk

Increased
ability to
combat

Species respond with
changes in traits

Efficient
exploitation

Increased
mobility

Reduced
detectability

Increased
armor

Increased
interaction
intensity

Enhanced
traits of enemy

Red Queen
Hypothesis

Species interactions direct evolution

Hypotheses on the geographic
mosaic of coevolution

Figure 4. A hierarchy of hypotheses for the escalation hypothesis in evolutionary biology. The broken lines indicate where 
the hierarchy may be extended.
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example can be found in Schulz and colleagues (2019). In  
that article, the authors used the HoH approach to organize 
twelve hypotheses each addressing the roles that antagonists 
play during species invasions. By grouping the hypotheses 
in a hierarchically nested way, Schulz and colleagues showed 
their conceptual relatedness, which had not been demon-
strated before.

In the future, the HoH approach could also be used for 
creating interdisciplinary links. There are many research 
questions that are being addressed in several research 
areas in parallel, using different approaches and address-
ing different aspects of the overall question. In an HoH, 
such connections could be revealed. Heger and colleagues 
(2019) suggested a future application of the HoH approach 
for organizing and structuring research on effects of 
global change on organisms, communities, and ecosys-
tems. Under the broad header of “ecological novelty,” more 
specific research questions addressed in various disciplines 
(e.g., climate change research, biodiversity research, urban 
ecology, restoration ecology, evolutionary ecology, micro-
bial ecology) could be organized and therefore conceptu-
ally connected.

Importantly, the HoH approach can be easily combined 
with existing synthesis tools. For example, as was outlined 
above and in figure 1, a systematic literature review can be 
used to identify and structure primary studies to be used for 
building an HoH. Statistical approaches, such as machine 
learning, can be used to optimize branching with respect to 
levels of evidence (Ryo et al. 2019), and empirical data struc-
tured in an HoH can be analyzed with formal meta-analy-
sis—for example, separately for each subhypothesis (Jeschke 
and Pyšek 2018). In future applications, an HoH could 
also be used to visualize the results of a research-weaving 
process, in which systematic mapping is combined with bib-
liometric approaches (Nakagawa et al. 2019). Furthermore, 
HoHs can be linked to a larger network. An example is the 
website https://hi-knowledge.org/invasion-biology/ (Jeschke 
et al. 2018b) where the conceptual connections of 12 major 
hypotheses of invasion ecology are displayed as a hierarchi-
cal network. We believe that the combination of HoH with 
other knowledge synthesis tools, such as Venn diagrams, 
ontologies, controlled vocabularies, and systematic maps, 
can be useful as well and should be explored in the future.

We emphasize, however, that the HoH method is by far no 
panacea for managing complexity. Not all topics interesting 
for scientific inquiry can be organized hierarchically, and 
imposing a hierarchy may even lead to wrong conclusions, 
thus actually hindering theory development. For example, 
to focus a conceptual synthesis on one major overarching 
hypothesis may conceal that other factors not addressed 
by this single hypothesis have a major effect on underlying 
processes as well. Evidence assessed with respect to this one 
hypothesis can in such cases only be used to derive partial 
explanations, whereas for a more complete understanding 
of the underlying processes, interactions with other factors 
need to be considered. Furthermore, displaying interacting 

aspects of a system as discrete entities within a hierarchy can 
obfuscate the true dynamics of a system.

In our three examples—the enemy release hypothesis, the 
hare–lynx cycles, and the escalation hypothesis (figures 3 
and 4)—connections between the different levels of the hier-
archies do not necessarily depict causal relationships. Also, 
the fact that multicausality is ubiquitous in ecological 
systems is not covered. It has been argued that approaches 
directly focusing on explicating causal relationships and 
multicausality could be more helpful for advancing theory 
(Scheiner and Fox 2018). The HoH approach is currently 
primarily a tool to provide conceptual structure. We sug-
gest that revealing causal networks and multicausalities 
represent additional objectives and regard them as impor-
tant aims also for further developing the HoH approach. 
Combining existing approaches for revealing causal rela-
tionships (e.g., Eco Evidence, Norris et al. 2012, or CADDIS, 
www.epa.gov/caddis) with the HoH approach seems to be 
a promising path forward. Also, a future aim could be to 
develop a version of the HoH approach with enhanced for-
malization, allowing different kinds of relationships among 
subhypotheses to be disclosed (e.g., applying semantic web 
methods. Such a formalized version of the HoH approach 
could be used for scrutinizing the logical structure of 
hypotheses (e.g., compatibility and incompatibility of subhy-
potheses) and identifying inevitable interdependencies (e.g., 
likelihood of cooccurrence of evidence along two branches).

The guidelines on how to build an HoH presented above 
and in figures 1 and 2 will help to increase the reproduc-
ibility of the process. Full reproducibility is unlikely to be 
reached for most applications because researchers need 
to make individual choices. For example, step 1 involves 
creative reasoning and may therefore potentially lead to 
differing results if repeated by different researchers. The 
process of creating an HoH can therefore lead to a whole set 
of outcomes. Usually, there will be not one single HoH that 
is the one “correct” answer to the research questions. Certain 
steps of the process can be automated using artificial intel-
ligence, such as with the use of decision-tree algorithms to 
enhance reproducibility (Ryo et al. 2019). But even if such 
techniques are applied, the choice of which information is 
fed into the algorithms is made by a researcher. We suggest 
that this ambiguity should not be considered a flaw of the 
method, but instead an important and necessary conces-
sion to creativity, offering the chance to closely match the 
outcome of the process to the concrete requirements of 
the research project. Also, it should be noted that other 
approaches for knowledge synthesis do not necessarily yield 
reproducible results either, not even formal meta-analysis 
(de Vrieze 2018).

Conclusions
The current emphasis on statistical approaches for synthe-
sizing evidence with the purpose of facilitating decision 
making in environmental management and nature conser-
vation is undoubtedly important and necessary. However, 

337-349-biaa130_COW.indd   346 19-03-2021   04:01:00 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/71/4/337/5980988 by C

onsejo Superior de Investigaciones C
ientificas (C

SIC
) user on 30 Septem

ber 2021



Overview Articles

https://academic.oup.com/bioscience  April 2021 / Vol. 71 No. 4 • BioScience   347   

knowledge and understanding of ecological systems would 
profit largely if results from empirical studies would in addi-
tion, and on a regular basis, be used to improve theory. With 
this contribution, we present one possibility for creating 
close links between evidence and theory, and we hope to 
stimulate future studies that feed results from case studies 
back into theory. Our goal is to motivate more conceptual 
work aimed at refining major hypotheses on how complex 
systems work. Above, we provided examples for how to 
develop a nuanced representation of major hypotheses, 
focusing on their mechanistic components.

Ecological systems are highly complex, and therefore, the 
theories describing them typically need to incorporate com-
plexity. Nested, hierarchical structures in our view represent 
one possible path forward, because they allow zooming in and 
out and, therefore, moving between different levels of com-
plexity. We propose that alternative tools such as causal net-
works should be further developed for application in ecology 
and evolution as well. Combining complementary conceptual 
tools would in our view be most promising for an efficient 
enhancement of knowledge and understanding in ecology.
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