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Abstract

This paper explicates the relationship between biological function and teleology by focusing not only on difference
but also on conceptual overlap. By doing so, this paper is meant to increase awareness of the misleading potential of
biological function and the educational necessity to explicate the meaning of biological function to biology students
to prevent them from drawing inadequate teleological conclusions about biological phenomena. The conceptual
overlap between teleology and biological function lies in the notion of telos (end, goal). Biologically inadequate
teleology assumes that teloi (ends, goals) exist in nature and that natural mechanisms are directed towards teloi. Such
inadequate teleological assumptions have been documented in students'reasoning about biological phenomena.
Biological function, however, does not involve the assumption that teloi exist in nature. Rather, biologists use the
notion of telos as an epistemological tool whenever they consider a structure or mechanism functional because they
view this structure or mechanism as a means to an end (telos). Whereas for biologists such means-ends conceptual-
izations represent a productive tool for identifying biological phenomena functionally, for students, such means-ends
considerations can be misleading. Therefore, this paper explicates how far the concept of biological function involves
reference to ends (teloi) and how it relates to biological mechanisms. The paper draws implications on how to prevent
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students from slipping from functional reasoning into inadequate teleological reasoning.

Background

Teleological reasoning, i.e., reasoning based on the
assumption that structures and mechanisms exist for
a specific purpose, function, end, or goal is considered
a major learning obstacle in biology education (Evans
et al. 2012; Kampourakis and Zogza 2008; Kelemen 2012;
Sinatra et al. 2008). While teleological reasoning about
human-made artifacts is adequate because artifacts
are made for specific purposes, biological phenomena
(biological structures as well as mechanisms) have not
been designed for specific purposes. However, biology
students easily rely on purpose and design when they
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reason about biological phenomena (Kampourakis et al.
2012b; Mead and Scott 2010). For example, when rea-
soning about evolutionary change, students tend to con-
sider the function of a particular trait and the organism’s
need for that function the only cause for evolutionary
change rather than that the students refer to the evolu-
tionary selection mechanism (Kampourakis and Zogza
2008, 2009; Jensen and Finley 1996; Pedersen and Hall-
dén 1994; Gresch and Martens 2019; Tamir and Zohar
1991; Bishop and Anderson 1990; Nehm and Ridgway
2011). Of course, one might argue that the functionality
of an ancestors’ trait did indeed play a causal role in the
evolutionary process. Problematic about the students’
teleological reasoning, however, is the fact that they pro-
vide the function of a trait as the one and only causal fac-
tor for how the trait came into existence without linking
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the function to the evolutionary selection mechanism.
The problem of teleological reasoning is not restricted
to evolution, it has also been documented in connection
with plant physiology (Abrams and Southerland 2001;
Tamir and Zohar 1991), human physiology (Michael
1998; Trommler et al. 2018), and ethology (Abrams and
Southerland 2001; Tamir and Zohar 1991; Pinxten et al.
2016). When students were asked to provide a mechanis-
tic explanation for physiological or ethological phenom-
ena,—comparable to their reasoning about evolutionary
phenomena—the students tended to refer simply to the
phenomena’s functions rather than to elaborate on the
underlying biological mechanisms. This teleological rea-
soning tendency distorts biological relationships between
mechanisms and functions, and beyond that, has been
argued to be closely related to the intentionality bias, a
predisposition to assume an intentional agent, and even
to creationist beliefs (Sinatra et al. 2008; Evans 2001).
In biology education, teleological reasoning represents
a profound problem that has been amply documented
before instruction (Kampourakis and Zogza 2008, 2009;
Jensen and Finley 1996; Pedersen and Halldén 1994; Sett-
lage 1994; Stover and Mabry 2007), during instruction
(Gresch and Martens 2019) and after instruction (Jensen
and Finley 1996; Kampourakis and Zogza 2009; Pedersen
and Halldén 1994; Settlage 1994; Stover and Mabry 2007;
Jiménez-Aleixandre 1992).

To challenge students’ teleological reasoning, it is
necessary to understand its origins. Research in biology
education has focused predominantly on the domain-
general cognitive origin of students’ teleological rea-
soning as described in cognitive psychology (Kelemen
2012; Coley and Tanner 2015; Kampourakis et al. 2012a,
b; Opfer et al. 2012; Poling and Evans 2002; Stern et al.
2018). In cognitive psychology, people’s intuitions are
held accountable for teleological reasoning. Teleological
intuitions are explained by so-called dual-process mod-
els, which distinguish between intuitive reasoning pro-
cesses and reflective reasoning processes (Kelemen et al.
2013). Intuitive reasoning processes occur automatically,
fast, effortlessly, and without voluntary control. Reflec-
tive reasoning processes require conscious attention and
are often associated with comparatively slow and effort-
ful mental activities. Whereas intuitive reasoning pro-
cesses represent our default reasoning mode, reflective
reasoning processes can override intuitive assumptions
(Kelemen et al. 2013; Evans and Stanovich 2013; Kahne-
man 2012). Both, intuitive and reflective reasoning are
context-sensitive and influenced by factors such as the
cognitive capacities of people, and the particular domain
in which the reasoning takes place (Evans and Stanovich
2013; Jarvilehto 2015).
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Much less attention has been paid to the domain-spe-
cific origin of students’ teleological reasoning about bio-
logical phenomena. Notable exceptions are Keil (1992,
1995), Kampourakis (2013), and Abrams and Souther-
land (2001). Keil (1992, 1995), a cognitive psychologist,
has proposed that the homeostatic organization of living
beings might be a strong trigger for teleological reason-
ing. In particular, Keil (1992, 1995) has argued that the
homeostatic organization of living beings is characterized
by a causal interdependence among the parts of living
beings and that people thus conceive of the parts of liv-
ing beings as ‘having purposes’ that serve the living being
as a whole. In biology education, Kampourakis (2013) has
suggested that the concept of adaptive traits in biology
might mislead students into inferring purpose and design
in nature, if students lack information about the evolu-
tionary mechanisms explaining how these traits came
into being over time. Abrams and Southerland (2001)
have argued that the curricular focus on ‘why questions’
about biological phenomena might mislead students into
teleological reasoning. Relying on these authors, this
paper argues that students’ teleological reasoning in biol-
ogy education not only has domain-general cognitive ori-
gins but also is triggered by domain-specific (biological)
factors. The main line of argument is that the biological
domain, in particular the concept of biological function,'
involves a notion of telos (in the sense of end or final
state), which students might easily confuse with another
notion of telos (in the sense of purpose, aim, or goal) that
is inadequate if applied to the biological domain. The
term telos has had a double meaning ever since Aristotle’s
work Physics, where Aristotle distinguished both mean-
ings of telos (Koutroufinis 2016; Kullmann 1982; Low

! 'The bio-philosophical discourse on the concept of biological function is
characterized by two major approaches, system-analytic approaches and etio-
logical approaches. This paper defines ‘biological function’ as “system-relevant
effects of parts (or sub-processes) in systems of mutually dependent parts,
i.e,, those effects of any part that contribute to the maintenance of the other
parts, and via them, feed back onto their own maintenance or perpetuation”
(Toepfer 2012). This definition of biological function derives from a Kantian
tradition and roughly corresponds with Cummins’ (1975) system-analytic
approach to function, which focuses on explicating the particular effect of a
functional part or process. Etiological approaches (e.g. Wright (1973)), in
contrast, focus on explicating the presence of a functional part or process
(i.e. according to Wright (1973) “The function of X is Z means (a) X is there
because it does Z, (b) Z is a consequence (or result) of X’s being there””) The
authors of this paper hold the opinion that system-analytic accounts and etio-
logical accounts of function provide complementary insights into the concept
of biological function (Walsh and Ariew 1999; Perlman 2009). For us as biol-
ogy educators, both philosophical accounts of biological function can inform
our reasoning about the challenges of teaching and learning about biological
function. Whereas the etiological account of biological function has been a
basis for educational theorizing before (Kampourakis 2013; Galli and Mein-
ardi 2011), the system-analytic account has been largely neglected as a basis
for educational theorizing about teaching and learning biological functions so
far and thus provides the basis for discussion in the current paper.
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1980; Aristotle, trans. 2018; Toepfer 2004).> To sort out
misunderstandings, in this paper, we will further elabo-
rate on the two different notions of telos.

It might seem paradoxical, at first, that the concept
of biological function involves the notion of telos. After
all, teleology has long been mainly discussed as a meta-
physical concept in the philosophy of biology and as a
learning obstacle in biology education, whereas biologi-
cal function is considered a legitimate scientific concept
and integral to biological thinking. However, at the time
of the scientific revolution, scientists and philosophers,
who aimed to demarcate science from metaphysics, were
suspicious of not only teleology but also the concept of
biological function (Perlman 2004). In fact, even today,
biological function is a very unusual concept in the sci-
ences and “sits uneasy within a naturalistic approach to
the world” (Krohs and Kroes 2009, p 6). This uneasiness
comes from the notion of end (telos) included in biologi-
cal function. Biological functions “go beyond standard
efficient causation” (Mossio et al. 2009, p 814) because
they represent means-ends relationships (McLaugh-
lin 2001). Whenever biologists attribute a function to
a structure or mechanism, they consider the respec-
tive structure or mechanism as a means to an end. For
example, biologists consider a heart a means to the end
of pumping blood. Physicists, in contrast, would never
consider a falling domino a means to the end of hitting
another domino. Whereas physicists and chemists inves-
tigate cause—effect relationships without considering the
effects as ends, biologists consider biological functions
not merely as effects but as ends caused by some means
(McLaughlin 2001).

Teloi in biology?—This idea might be alarming for
biology educators, because their students tend to strug-
gle with providing biological mechanisms and refer to
goals instead. Consequently, educators aim to empha-
size that biological mechanisms are not metaphysically
directed towards goals. The concept of biological func-
tion still involves a specific notion of telos. This apparent

2 The double meaning of telos, however, has long been disregarded in later
discussions of Aristotle’s work. Krafft (1980), for example, argues that authors
in the seventeenth and eighteenth century were not able to reconstruct Aris-
totle’s position on teleology adequately and that the dominant natural-theo-
logical notion of teleology had superseded Aristotle’s more subtle discussion
of teleology. The distinction among the two different notions of telos were
revived only with Kant at the end of the eighteenth century; Kant distin-
guished between ‘inner purposiveness’ and ‘outer purposiveness’ (Kant 1790).
Hegel (1986) used the terms ‘immanent teleology’ and ‘transcendent tel-
eology, and Goudge (1961), Ayala (1968, 1970) and Lennox (1992) used the
terms ‘internal teleology” and ‘external teleology’ to distinguish two different
notions of telos (Toepfer 2004). In this paper, we will use the terms ‘epistemo-
logical teleology’ and ‘ontological teleology’ in order to emphasize that only
the latter notion of telos refers to actual goals that exist in nature, whereas the
first notion of telos serves biologists as an epistemological tool to organize
biological knowledge.
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paradox can be resolved if one distinguishes between dif-
ferent understandings of telos, i.e., an ontological versus
an epistemological understanding of telos. Ontology, the
study of being, is concerned with identifying things that
exist in the world. Epistemology, the study of knowledge,
is concerned with the methods of acquiring knowledge
of the things that exist in the world. An ontological use
of telos in biological contexts is based on the assumption
that teloi do in fact exist in nature and that natural mech-
anisms are directed towards teloi. An epistemological use
of telos in biological contexts, however, applies the notion
of telos as a methodological tool to structure biological
knowledge. Further details on the epistemological use of
telos will be given in the course of the paper. First, it is
important to note that the postulated connotations of the
concept of biological function are teleological in an epis-
temological sense rather than in an ontological sense. To
distinguish clearly between the epistemological and onto-
logical uses of telos, Pittendrigh (1958) suggested using
the label teleology only to refer to ontological uses of
telos, and he introduced the neologism teleonomy to refer
to epistemological uses of telos. Such a terminological
distinction has its merits by emphasizing the differences
between adequate and inadequate uses of telos.> Other
philosophical traditions, however, emphasize the con-
ceptual overlap between ontological and epistemologi-
cal teleology by using the label teleological in connection
with both notions of telos (Toepfer 2012; Perlman 2004;
Illetterati and Michelini 2008; Griffiths 1993; Wright
1976). The present paper distinguishes between episte-
mological teleology and ontological teleology to highlight
the notion of telos as conceptual overlap. The conceptual
overlap is of interest to this paper because the notion of
telos involved in the concept of biological function might
prompt students to overgeneralize this notion to a wider
range of biological phenomena without paying sufficient
attention to the adequacy of these generalizations.

The following paragraphs provide further details con-
cerning the distinction between ontological teleology and
epistemological teleology. Furthermore, the paper draws
practical implications on how to prevent students from
slipping from adequate epistemological—teleological

3 Given that the teleonomy-teleology distinction acquits biology from the
reproach of applying inadequate metaphysical teleological notions, biologists
are generally in favour of the teleology—teleonomy distinction (as for example
Huxley (1960), Mayr (1961) and Lorenz (1973)). Some philosophers of biol-
ogy, however, have criticized Pittendrigh’s (1958) attempt to distinguish inad-
equate teleological notions from adequate biological teleological notions for
remaining on the terminological level and for putting an end to discussions
on teleological notions in the biological domain because Pittendrigh did not
answer the more fundamental question of why biology includes references to
teloi and how these are meant to be interpreted (Toepfer 2004; Illetterati and
Michelini 2008; Krohs 2007; Lennox 1994).
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ontological-teleological explanation

sets function as a goal and initiates the
formation of a functional structure or
mechanisms, i.e., of the explanandum

(What is the causal origin of the explanandum?)

metaphysical force

v

a structure or mechanism that has a function
within an organism or ecosystem; it exists
because of its function

explanandum:

function to the intention of a force that sets functionality as a goal

Fig. 1 A schematic representation of the concept of ontological teleology. Ontological teleology explains the causal history of an explanandum
(small dark grey circle), which is a structure or mechanism that has a function within an organism or ecosystem (bigger light grey circle). The small
light grey circles represent other structures or mechanisms within the organism or ecosystem to which the explanandum makes a functional
contribution (the functional contribution is represented by the grey arrows). Ontological teleology assumes that an explanandum came into
existence because of its function within the organism or ecosystem. Some instances of ontological teleology do not specify how exactly the
formation of the explanandum became directed towards the function, but other instances of ontological teleology attribute the striving towards

reasoning into inadequate ontological-teleological rea-
soning. Finally, building on the distinction between
epistemological and ontological teleology, the paper
describes perspectives for future research.

Ontological teleology

The term ontological teleology refers to the assumption
that functional structures and mechanisms exist due
to their functionality (Fig. 1). From the perspective of
ontological teleology, hearts in vertebrates, for example,
came into existence simply because they fulfil the func-
tion of pumping blood. From a modern scientific point
of view, such an ontological—teleological perspective on
living phenomena is metaphysical and unscientific (Toe-
pfer 2004; Illetterati and Michelini 2008; Neander 1991).
One of the previous major arguments against ontologi-
cal teleology is that functions, which can be observed
in the present, cannot affect mechanisms in the past.
From today’s perspective, however, such an interpreta-
tion of ontological teleology as inverse causality came
from scholastic teleology critics, not from the advocates
of ontological teleology (Toepfer 2004; Krohs 2007). The
advocates of an ontological teleology rather assumed that
an organism-internal force (Bergson 1907; Driesch 1928)
or an organism-external God (Paley 1819; Plato, trans.
1959) steered biological mechanisms towards function.
These assumptions are analogous to human intentional
action, where people set themselves goals and intend to
realize them. A student thinks, for example, that he or
she wishes to pass an exam and thus works towards that
goal. In the field of biology, however, the hypothesis that
goal-directed factors such as metaphysical forces exist

cannot be verified empirically and is thus scientifically
untenable.

Students’ inadequate teleological reasoning, as docu-
mented in the biology education literature, can mostly
be described as ontological—teleological reasoning. Some
studies report that students simply state that a specific
biological phenomenon occurred because it was believed
to be functional, and the students do not specify how
the phenomenon became directed towards the function
(Abrams and Southerland 2001; Tamir and Zohar 1991;
Michael 1998; Pinxten et al. 2016; Nehm and Ridgway
2011; Kampourakis et al. 2012a, b; Bartov 1978). Many
instances of students’ teleological reasoning might well
constitute spontaneous ad hoc explanations, and the stu-
dents might not have even thought about how exactly
a phenomenon became directed towards its function.
Other studies, however, have documented more elabo-
rated types of teleological reasoning, where the students
assumed that God, Mother Nature, an internal body wis-
dom, or an organism’s intention set the purpose (Kam-
pourakis and Zogza 2008; Kelemen 2012; Baalmann et al.
2004; Deadman and Kelly 1978; Halldén 1988; Kelemen
and DiYanni 2005; Moore et al. 2002; Weitzel 2006).
Halls et al. (2018), however, have provided evidence that
not all students who reason teleologically believe that
functional structures and mechanisms exist due to their
functionality but rather discuss functional structures and
mechanisms in terms of their benefit for an organism.
Such a descriptive rather than causal use of teleological
reasoning can be classified as epistemological teleology,
which we will describe in the following paragraphs.
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Epistemological teleology

The notion of telos serves biologists as an epistemological
tool for organizing the research field life and living organ-
isms so that the phenomenon of life is not only at the core
of the biological domain but also at the core of the teleology
debate in biology (Toepfer 2012; Toepfer 2004). This insight
goes back at least to Immanuel Kant’s epistemology of liv-
ing beings (Toepfer 2012; Ginsborg 2006). In his Critique of
Teleological Judgment, the second part of his book Critique
of Judgement (1790/93), Kant is concerned with the ques-
tion of to what extent it is legitimate to reason about life
in teleological terms (Ginsborg 2006). Kant grounds tele-
ological reasoning in the life sciences on the specific causal
structure of organisms, which scientists can (and, accord-
ing to Kant, also need to) view through a teleological lens
(Toepfer 2004, 2012; Quarfood 2006). We will first clarify
what is so specific about the causal structure of organisms,
and then, we will elaborate on the extent to which this
causal structure can be viewed through a teleological lens.
Specific about the causal structure of organisms is their
cyclical organization. In an organism, each structure partic-
ipates in producing other structures, and eventually, via the
production of other structures, each structure contributes
to its own reproduction (or at least to the production of its
own types). Thus, each structure is the cause and effect of
itself (Toepfer 2012). Figure 2 visualizes this causal interde-
pendence among organismic structures.

To what extent does the cyclical causal structure of
organisms legitimize a teleological perspective on organ-
isms? Although, ontologically, a causal cycle has neither a
start nor end point, epistemologically, the perceiver can
stipulate a certain point as the end and consider struc-
tures and mechanisms that contribute to the stipulated
end as means to that end (Toepfer 2012).

In the teleology debate, it is important to emphasize
that biologists who apply a teleological perspective do

4 We have repeatedly mentioned in this paper that real teloi do not exist in
nature, but that biologists use the telos concept as an epistemological tool.
If we assume an epistemological rather than an ontological telos concept,
does that mean that we view the concept of biological function merely as
a subjectively imagined concept or as a real object in nature? This question
has been approached by two opposing positions. Representatives of the first
position have argued that function attributions would principally say less
about reality than about the human mind (Baublys 1975; Prior 1985; Ratcliffe
2000; Searle 1995). In line with representatives of the second position (Toe-
pfer 2004; Griinewald 1996; Jacobs 1986), we argue that biological functions
do have ontological relevance. Toepfer (2004) argues, and we follow him in
this respect, that Kant’s epistemological approach does not merely clarify the
structure of our minds, but also the conditions of knowledge of the objects
of our experience. In other words, Kant’s epistemological tools are associated
with ontological features of the object.

Yet other philosophical positions define the concept of biological function
as a purely objective property without any epistemological reference point.
Instead of an epistemological telos, such approaches have proposed the
concepts of autopoiesis (i.e. an der Heiden et al. 1985, Varela et al. 1974),
plasticity (i.e. Braithwaite 1946), and persistence (i.e. Rosenblueth et al.
1943, Sommerhoff 1950). Autopoiesis refers to the self-maintaining and self-
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Fig. 2 Representation of the interdependence of organismic
structures and mechanisms within the cyclical causal structure of an
organism (modified after Toepfer (2012))

not assume that ends exist in nature. Rather, they con-
ceptualize a structure or mechanism epistemologically
as a means to a future effect within an organism.* For
example, from the perspective of epistemological teleol-
ogy, biologists analyze the heart in terms of its effect as a
tool for pumping blood. This means-ends analysis is also
evident in the word organ, which is derived from Greek
organon and means instrument, tool. Such an epistemo-
logical—teleological perspective does not conflict with a
causal explanation of the physiology, ontogeny, or evolu-
tion of the heart. The epistemological-teleological per-
spective differs from a causal perspective not in terms of
the assumed temporal relations between cause and effect
but in terms of its epistemic conceptualization. Notably,
conceptualizing structures and mechanisms in terms
of their ends does not explain biological structures and
mechanisms in terms of their causes but identifies® them
in terms of their effects (Toepfer 2004, 2012; Quarfood
2006). In the following paragraphs, we will explicate how

Footnote 4 (continued)

organizing characteristic of organisms. Plasticity describes the characteris-
tic of “attain[ing] the same goal under different circumstances” (Braithwaite
1946, p 329), and persistence refers to the characteristic of maintaining
and pursuing internal states. In accordance with Toepfer (2004), we argue
that our cognition of an autopoietic, plastic, or persistent system is also the
result of an epistemologically teleological schematization of causal pro-
cesses. As we describe an autopoietic, plastic, or persistent system, we relate
mechanisms to each other, which we could also describe individually or in
different relations. The relational description of these mechanisms is thus
an epistemological construct. The features of autopoiesis, plasticity, and
persistence are features of a system that depend on a preceding conception
of that system. At the same time, an empirically justified use of these con-
cepts is rooted in empirical knowledge. Whereas many approaches that rely
on the concepts of autopoiesis, plasticity, and persistence have not referred
to their epistemological a priori assumptions, more recent accounts that
conceptualize biological function as an objective property of an organism,
clearly explicate their preceding epistemological references (i.e. van Hateren
2017; Weber 2017).

> ‘identify’ is used in the sense of ‘determine characteristic attributes’
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Fig. 3 The hierarchy of biological function. At the top of biological function

either survival or reproduction (modified after Toepfer (2011))

references stand the functions of survival and reproduction. These two

functions qualify as top functions as both preserve an order structure, i.e,, either the individual or the species. Any other biological function serves

biologists identify biological phenomena with reference
to ends. Subsequently, we will illustrate how the epis-
temological—-teleological identification of phenomena
relates to their mechanistic explanations.

Understanding structure—function relationships and
mechanism—function relationships are major goals in
the field of biology. In epistemological—teleological iden-
tifications, biologists relate structures or mechanisms to
one of the two ends of survival and reproduction (Toe-
pfer 2004). Biologists, of course, do not assume that
survival and reproduction are ends inherent in nature.
Rather, biologists use survival and reproduction as epis-
temological reference points when attributing functions
to structures and mechanisms. Survival and reproduc-
tion are ideal as epistemological reference points because
both notions preserve the structure of an order. Survival
preserves the order of an individual organism, and repro-
duction preserves the order of a species (Toepfer 2011).
Survival and reproduction represent the top of the hier-
archy of biological function (McLaughlin 2001) (Fig. 3).
For example, the concentration of calcium ions in heart
cells serves the end of the contraction of the heart. The
contraction of the heart, in turn, serves the end of the
circulation of the blood, which eventually serves the end
of the survival of the organism. Also, in the case of the
peacock’s fan, biologists posit the end of finding a mate,
which can in turn be conceptualized as a means to the
end of reproduction. Additionally, identifying a specific
gene necessitates an epistemological reference to a pro-
tein as its end, which in turn serves as a means to the end
of survival or reproduction (Hornbergs-Schwetzel 2012).
Eventually, biologists stop the regress of means-ends
analyses at one of the two major ends (teloi), survival and
reproduction (McLaughlin 2001). The epistemological
reference of means to ends is fundamental to the concept

of biological function. Whenever biologists argue that
a biological structure or mechanism is functional, they
judge it as a means in relation to an end (McLaughlin
2001), which will be exemplified in the next paragraphs—
first for biological structures and then for biological
mechanisms.

Biologists identify an individual biological structure
in two different ways: in terms of its material composi-
tion and in terms of its effect as a means to realize the
capacities of the whole organism. For example, gastric
juices can be identified in terms of their material com-
position as consisting of hydrochloric acid, potassium
chloride, and sodium chloride and in terms of their effect
as a means to digestion. Whereas the identification in
terms of the material composition is also used to iden-
tify inorganic structures such as stones, the identifica-
tion in terms of the effect is characteristic of biological
structures. Identifying structures in terms of their effects
is possible in biology because biological structures are
integrated into the cyclical causal organization of organ-
isms: each structure causally contributes to other struc-
tures, and each structure, in turn, is supported by them.
For example, the heart, kidneys, and stomach are parts
of the organism that support each other, as each part
contributes in its own way to survival: the heart to circu-
lation, the kidneys to excretion, and the stomach to nour-
ishment. Thus, a particular biological structure such as
the heart can be defined not only in terms of its material
composition but particularly in terms of its contribution
to the whole organism. The biological practice of identi-
fying biological structures as means to ends is reflected
in the functionalist concept formation of the biological
domain (Toepfer 2004, 2008; Beckner 1968). In biology,
structures are often named in terms of their effects, as for
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etiological explanation
(What is the causal origin
of the explanandum?)

evolutionary explanation ~ontogenetic explanation
»
»

]

[}
»
» |1

I

/

,/@explanandum
N

contextual explanation
(What role does the explanandum have in a
higher-level mechanism?)

\
A

constitutive explanation
(How does the explanandum work?)

involve higher and lower levels (modified after Craver (2013))

Fig. 6 Representation of the multiplicity of explanatory perspectives on an organismic entity in biology according to the mechanistic philosophy
of Craver. Etiological explanations, constitutive explanations, and contextual explanations answer different research questions and complement
each other. Etiological and constitutive explanations take a mechanistic perspective, and contextual explanations take a teleological perspective on
the explanandum. For the sake of clarity, the etiological explanations are represented at only one level of biological organization, although they also

example gastric juices, t-helper cells, incisors, or nutritive
tissue (Krohs 2004, 2014; Weber and Varela 2008).
Biologists apply means-ends analyses not only to iden-
tify biological structures but also to identify biological
mechanisms. Without means-ends analyses, biologists
would be confronted with an overwhelming complexity
of merging mechanisms (Toepfer 2004). Figure 4 illus-
trates the complexity of merging mechanisms using the
example of metabolic pathways. To structure the onto-
logical complexity and to develop tangible research foci,
biologists differentiate individual mechanisms through
epistemological considerations, that is, by assuming ide-
alized starting and termination conditions (Machamer
et al. 2000). In determining the idealized termination
conditions, teleological considerations play a significant
role because “the termination conditions are most often
idealized as end points or final products (Machamer et al.
2000, p 12) [emphasis added]” The epistemological pur-
pose of applying a teleological perspective to distinguish
between one mechanism and another is illustrated in
Fig. 5. Figure 5 shows the same mechanisms as Fig. 4, but
Fig. 5 additionally portrays the epistemological delimi-
tations between individual mechanisms. For instance,
Fig. 5 individuates glycolysis and gluconeogenesis as
aspects of carbohydrate metabolism. As indicated by the
terms, the glycolysis mechanism [glycose is an older term
for glucose, Greek lysis=degradation] serves to break
down glucose, whereas the gluconeogenesis mechanism
[gluco stands for glucose, Greek neos =new, Greek gen-
esis=creation] serves to synthesize glucose from non-
carbohydrate carbon compounds. The two mechanisms,
like other biological mechanisms, are chunked accord-
ing to their contribution to the organism. Biologists
often perform such chunking processes in relation to a

normatively posited end (telos) (Craver 2013). Craver
(2013), one of the major representatives of a mechanis-
tic philosophy, thus states that ‘Mechanistic descriptions
[thus] come loaded with teleological [Craver refers to
epistemological, not ontological teleology] content’
Identifying biological structures and mechanisms from
the perspective of epistemological teleology is comple-
mentary to explaining them mechanistically. In fact, a
biological phenomenon can be fully understood only
if one identifies it epistemologically—teleologically and
explains it mechanistically (Toepfer 2004; Craver 2013).
This relationship represents a fundamental difference
from ontological-teleological explanations, which are
not complementary to mechanistic explanations but
compete with them. Figure 6 illustrates the relationship
between epistemological—teleological identifications and
mechanistic explanations. In its center, the figure displays
the explanandum, i.e., the structure or mechanism to be
explained, as for example gastric juices or the glycolysis
mechanism. Identifying the explanandum is a necessary
starting point for any explanation, which often involves
relating the explanandum to the end it serves. Following
Craver (2013), one can distinguish three different ways of
situating the teleologically identified explanandum in the
causal structure of the world, namely, etiological expla-
nations, constitutive explanations, and contextual expla-
nations. Each of the three explanation types answers a
different question about the explanandum. Whereas etio-
logical and constitutive explanations provide mechanistic
information on the explanandum, constitutive explana-
tions provide epistemological—-teleological information.
To explain an explanandum as comprehensively as pos-
sible, all three explanatory perspectives are needed. The
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following three paragraphs further explain these three
types of explanation.

Etiological explanations are illustrated in Fig. 6. As
shown on the left side of the figure, etiological explana-
tions are backward-looking, as they are given in response
to questions about the origin of the explanandum. Typi-
cal questions about the origin of biological structures or
mechanisms concern the evolutionary and ontogenetic
history of a phenomenon. For example, taking an organ-
ism’s heart as the structure to be explained, its evolution-
ary history can be traced back to simple tubular hearts.
From generation to generation, existing elements were
modified, and new elements were added throughout
a continuous selection process of the fittest individual
organisms within populations (see Olson (2006) for fur-
ther details on the evolution of hearts). In addition to its
evolutionary history, the heart can also be explained in
terms of its ontogenetic history: During ontogeny, the
structure of the heart originates from the interplay of
DNA, RNA, proteins (Chen and Fishman 2000; Srivas-
tava and Olson 2000), biochemical gradients (Raya et al.
2004), voltage gradients (Levin et al. 2002), and fluid
mechanical stimuli (Hove et al. 2003).

Constitutive explanations are illustrated by the circle at
the bottom of Fig. 6. The figure shows that constitutive
explanations are downward-looking towards lower-level
activities and entities that produce the explanandum.
Constitutive explanations are given in response to ques-
tions about how an explanandum works, and they elab-
orate on physiological mechanisms. For example, the
pumping action of the heart can be explained by contrac-
tions of the cardiac muscle fibers. From the contracting
cardiac muscle fibers, one could potentially look a further
level down to the molecular mechanism involving cal-
cium ions, tropomyosin, actin, and myosin.

Contextual explanations are illustrated by the circle
at the top of Fig. 6. The figure shows that contextual
explanations are upward-looking towards a higher-level
mechanism, and they explain what the phenomenon
does as a part of that higher-level mechanism. Con-
textual explanations are given in response to questions
about the role of the explanandum within higher-level
mechanisms and within an organism. There is no sharp
distinction between a contextual explanation and a tel-
eological identification of an explanandum. Where one
draws the demarcation line is essentially an epistemo-
logical decision (Craver 2013). A contextual explana-
tion for the pumping action of the heart focuses on the
heart’s expulsion of blood, which in turn provides the
circulatory system with blood. If one wanted to give a
more comprehensive contextual explanation, one could
refer to the subsequent distribution of oxygen and
nutrients through the body.
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Craver’s framework involving three explanatory per-
spectives sheds some light on the teleology debate,
which has long been fraught with misunderstandings
on whether the biological domain includes the notion
of end (telos). On the one hand, by recognizing the eti-
ological and constitutive explanations, Craver’s frame-
work makes it abundantly clear that the biological
domain is based on mechanisms that are not directed
towards ends. On the other hand, by recognizing that
the contextual explanation refers to higher-level ends,
Craver’s framework stipulates that the biological
domain uses the notion of end as a reference point that
is not in conflict with biological mechanism. Moreover,
by assigning each type of explanation a particular rea-
soning direction (i.e., backward, downward, upward),
Craver makes it clear that the explanandum is one and
the same, although each type of explanation answers a
different question about the explanandum from its par-
ticular perspective.

The fine line between ontological and epistemological
teleology in biology education
The perspective of epistemological teleology is an
implicit aspect of the concept of biological function not
only in biology but also in biology education. If one says
that the function of a plant’s growing towards the light is
to absorb sunlight, one conceptualizes this function as a
means to the end of absorbing sunlight. Similarly, if one
argues that the function of resistance to a pesticide is to
help organisms survive, one conceptualizes resistance as
a means to the end of survival. Whereas for biologists
such means-ends analyses represent a productive tool
for identifying biological structures and mechanisms,
for students such means-ends analyses can be mislead-
ing. The epistemological expectation that biological phe-
nomena function and exist for survival is close to the
ontological assumption that biological phenomena came
into existence for functioning and maintaining survival.
Thus, in biology education, students may slip from the
epistemological teleology inherent in biological function
to ontological assumptions about biological mechanisms.
The danger of slipping from an epistemological—tele-
ological assumption to ontological assumptions is aggra-
vated by the fact that biological questions often revolve
around functional phenomena, that is, epistemologi-
cal-teleological phenomena. For example, if students
are asked “How does it happen that plants grow towards
light?” (Abrams and Southerland 2001) or “How would
biologists explain how a living bed bug species with
resistance to a pesticide evolved from an ancestral bed
bug species that lacked resistance to the same pesticide?”
(Nehm et al. 2012), the questions introduce functional
phenomena from the perspective of epistemological
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teleology, even if they aim at a mechanistic explana-
tion. In the case of the question about the plant’s bend-
ing towards light, students view the phenomenon at
first teleologically as a functional phenomenon for the
whole organism. To explain the constitutive mechanism
as a second step, they must apply the downward-look-
ing mechanistic perspective. In the case of the ques-
tion about the evolution of the resistance to a pesticide,
students view the phenomenon at first teleologically as
a functional phenomenon for the whole organism. To
explain the etiological mechanism as a second step, they
must apply the backward-looking mechanistic perspec-
tive. Thus, answering mechanistic questions about the
causal origins of biological phenomena requires students
to change their reasoning perspective from the teleologi-
cal identification of the phenomenon to its mechanistic
explanation.

Given that the biological domain includes means-ends
analyses, students could be particularly susceptible to rely
on their intuitive teleological predispositions when they
reason about biological phenomena. In biology educa-
tion, students need to use means-ends reasoning reflec-
tively rather than intuitively and make the conscious
decision to apply means-ends reasoning to identify func-
tional relations rather than to explain causal origins.

Educational recommendations

The notion of telos (end, final state) involved in biological
function is potentially misleading for students. Whereas
biologists use the notion of telos for epistemological pur-
poses, students tend to think that nature is ontologically
directed towards teloi. To prevent students from slipping
from the epistemological teleology involved in biological
function into ontological teleology, two main learning goals
are essential. First, biology educators should enable students
to distinguish between biological functions and biological
mechanisms. Second, biology educators should enable stu-
dents to explain that nature is not directed towards goals.

Learning goal 1: Distinguishing between biological functions
and biological mechanisms

The first learning goal addresses the relationship between
functions and mechanisms in biology. Its implementation
requires—as trivial as it might seem—addressing both
the functions and mechanisms of explananda in biology
education. At the moment, however, biology curricula
tend to focus more on functional ‘why” questions than on
mechanistic ‘how’ questions (Abrams and Southerland
2001). Especially in younger school years, the curricula
focus students mostly on structure—function relation-
ships, whereas the constitutive mechanisms are mostly
absent in classes on human biology as well as in classes
on plant and animal physiology. Only towards the end
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of students’ school careers do curricula introduce evolu-
tionary mechanisms (Ministry of Education and Train-
ing of the State of North Rhine-Westphalia 2008; Saxon
State Ministry of Education and Sports 2011). Thus, it
is unrealistic to expect students to be competent in pro-
viding mechanistic explanations. Indeed, students have
been documented to struggle with mechanistic explana-
tions and to provide functions rather than mechanisms
in response to questions about mechanisms (Abrams
and Southerland 2001). For example, students explained
the ability of plants to grow towards light by referring to
the functional aspect that plants need light for photosyn-
thesis. It goes without saying that the students’ struggle
with mechanisms cannot be resolved by teaching every
single mechanism, such as the complex mechanism of
phototaxis. This attempt would overload the curricula.
However, students need to be familiar with mechanistic
explanations as an important explanation type in biol-
ogy. Furthermore, students must become aware of the
domain-specific principle that references to mechanisms
and functions approach an explanandum from different
perspectives. To illustrate to students how references to
mechanisms and functions contribute to explaining an
explanandum, we recommend explicit discussions of the
explanatory perspectives in biology education by using a
range of different exemplary cases. Exemplary cases are
important when teaching such abstract meta-knowledge
about the explanatory perspectives in biology because
students need to apply abstract knowledge in connec-
tion with concrete examples to fully understand a topic
(Zohar and David 2008). Such meta-level discussions
of the explanatory perspectives in biology are not cur-
rently common in biology education but have been rec-
ommended (Pinxten et al. 2016). Decisive for teaching
practice is the message that we need to investigate all
explanatory perspectives to explain a phenomenon com-
prehensively and that we must always have a clear idea of
which explanatory perspective answers which question.
In this paper, we summarized Craver’s (2013) explana-
tory perspectives, which can become a framework for
explaining biological phenomena. This framework might
be beneficial for reducing students’ inadequate teleologi-
cal reasoning, as it clearly shows that means-ends rea-
soning is appropriate only in contextual explanations
but not in etiological or constitutive explanations. In the
future, research is necessary to investigate which cases
are ideally suited for integrating the different explanatory
perspectives.

Learning goal 2: Explaining that nature is not directed
towards ends

Research on students’ inadequate teleological concep-
tions has shown that they often coexist with adequate
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scientific concepts. Thus, teaching adequate scientific
concepts alone does not suffice for changing students’
teleological conceptions, but in addition, students’
inadequate teleological conceptions must be explicitly
addressed (Kampourakis and Zogza 2009; Nehm et al.
2012; Alters 2005). Students should not only be able to
explain scientific concepts but should also be able to
explicate that nature is not directed towards teloi. We
suggest focusing instruction on the guiding question ‘Are
there goals in biology?’ to elicit students’ inadequate tele-
ological preconceptions, to discuss the preconceptions
with students, and to foster students’ ability to distinguish
between the two notions of telos discussed in this paper:
the adequate notion of telos as a descriptive tool versus
the inadequate notion of telos as a goal towards which
biological mechanism are directed. Biologists describe
parts of an organism in terms of their contribution to
the ‘ends’ of survival and reproduction. This description
helps biologists to describe the internal organization of
organisms. However, biology instruction needs to make
it clear that the self-organization of organisms does not
involve any teleological forces but rather non-teleological
cause—effect relationships.

Such attempts can build on teaching suggestions that
aim to show students that biological mechanisms are
not goal-directed. For example, Kampourakis and Zogza
(2009) described an approach that involved demonstrat-
ing why evolution is incompatible with goals in nature by
emphasizing the role of chance and unpredictability in
evolution. In particular, the authors used an activity that
highlighted that several important events in evolution
are unpredictable rather than goal-directed: (a) the ori-
gin of genetic variation within populations, (b) the fusing
of gametes, (c) the migration of parts of a population to
unoccupied niches, and (d) the environmental changes in
an ecosystem (for the activity see Kampourakis (2006)).
In another intervention study, Jensen and Finley (1996)
focused students on the question of whether evolution
is goal-directed by discussing historically rich materi-
als, which succeeded in reducing students’ teleological
reasoning more effectively than a traditional teaching
approach in a control group.

In addition to the intervention approaches mentioned
above, we suggest discussing the question ‘Are there
goals in biology?’ in connection with the topic ‘the evolu-
tion of life on earth! Discussing the phenomenon of /ife
would address the core of the teleology problem in biol-
ogy because life, i.e., any living organism, is character-
ized by a ‘purposive’ organization in the sense that the
structures and mechanisms within a living organism are
means to the ‘ends’ of survival or reproduction. For stu-
dents, the fact that almost every structure and mecha-
nism within an organism contributes to the organisms’
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survival or reproduction can give the impression that
nature is directed towards survival and reproduction.
Students thus need a satisfying non-teleological expla-
nation for how this ‘purposive’ organization of organ-
isms came into existence. Merely discussing evolutionary
explanations for isolated functional structures, such as
the giraffe’s long neck or the polar bear’s white fur, might
not give a fully satisfying answer to students on how the
‘purposive’ organization of living beings came into exist-
ence, as evolutionary explanations that concern isolated
functional structures focus merely on the transformation
of this particular structure and already presuppose living
and thus self-organized ancestors. By addressing how life
on earth evolved, students can see that the means-ends
relations that typically exist among the parts of a living
organism and the whole living organism came into exist-
ence as the result of mechanistic processes rather than
teleological forces.

Working towards the goal of students being able
to explicate that nature is not directed towards teloi
requires the development and testing of further materials
that stimulate discussions about goals in biology and pro-
vide counter-evidence to inadequate teleological assump-
tions. Merely avoiding teleological language, as has been
suggested in the biology education literature (Hughes
1973), overlooks the complexity of the problem by fail-
ing to distinguish between adequate epistemological
and inadequate ontological teleology. The issue is prob-
lematic because both types of teleology, epistemological
teleology and ontological teleology, refer to means-ends
relationships and express them using teleological lan-
guage. The ambiguity of teleological language should
be explicitly discussed in biology education rather than
ignored (Trommler et al. 2018; Galli and Meinardi 2011;
Zohar and Ginossar 1998). After all, students encoun-
ter teleological language in out-of-school contexts such
as wildlife documentaries, science museums, or biology
books (Zohar and Ginossar 1998; Aldridge and Dingwall
2003; Sealey and Oakley 2014) and should be aware of the
difference between adequate epistemological interpreta-
tions and inadequate ontological interpretations of teleo-
logical language. Discussing biologically incorrect student
statements in comparison to authentic statements by
biologist and statements from popular biology is a prom-
ising strategy to familiarize students with different shades
of meanings of the notions of ‘end’ and ‘goal’ This strat-
egy involves students explicating that biologists always
use terms such as ‘functional, ‘useful; ‘necessary, ‘serv-
ing; or ‘being for’ in a relational sense, i.e., in relation to
the functioning of a higher organismic level or the whole
organism, but not to express nature-inherent values. For
example, if biologists say “The hummingbird [...] has
a long bill to feed on the nectar of flowers” (Matsunaga
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and Okanoya 2009, p 360) they describe the contribution
of the bill to the hummingbird’s nutrition. Using Craver’s
schema, teachers and students can gain the insight that
biologists take an upward perspective when they explain
the long bill of the hummingbird teleologically but do not
answer any downward or backward-looking questions.

Future research

Future research needs to examine the effectiveness of the
educational recommendations suggested in this paper in
terms of improving students’ ability to avoid inadequate
teleological reasoning. Furthermore, the recommenda-
tions made in this paper require further research activi-
ties focused on assessing how biological functions and
mechanisms are represented in biology instruction. Addi-
tionally, the recommendations require discussing and
developing curricula in terms of content and sequence
and comprehensively developing apt materials on the
scope and limit of biological functions, their relation-
ship to biological mechanisms, and their differences from
metaphysical goals. Moreover, the distinction between
epistemological and ontological teleology presented in
this paper can inform attempts to improve the accuracy
of assessing students’ teleological reasoning. So-called
explanation judgment tasks, for example, ask students for
acceptance judgments and preference judgments in favor
of either teleological or mechanistic explanations (Coley
and Tanner 2015; Kelemen and DiYanni 2005; Kelemen
1999, 2003; Richardson 1990). This assessment format is
based on the assumption that the preference for teleolog-
ical explanations is indicative of inadequate ontological—
teleological reasoning. An interview study investigating
students’ reasons for preferring either mechanistic or
teleological explanations, however, revealed that some
students interpreted teleological explanations ontologi-
cally, whereas others interpreted them epistemologically
(Trommler et al. 2018). Although some biology educators
have reflected upon the nuances of teleological language
and their relevance for teaching and testing, respective
test instruments that can distinguish between adequate
(epistemological) and inadequate (ontological) teleologi-
cal conceptions are lacking (Trommler et al. 2018; Stern
et al. 2018; Halls et al. 2018; Zohar and Ginossar 1998;
Host and Anward 2017). For developing such test instru-
ments, meta-level tasks might be helpful, for exam-
ple, tasks that require students to interpret teleological
explanations and tasks that require visualizing causal
relationships. Furthermore, for future research, we sug-
gest applying the distinction between ontological and
epistemological perspectives to other concepts, such
as the species concept, the gene concept, and the con-
cept of biological information. By making the epistemo-
logical implications of such concepts visible to students,
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educators could succeed in reducing their students’ mis-
conceptions about them.

Conclusions

Whenever biologists, biology teachers and biology stu-
dents ascribe functions to biological structures or mech-
anisms, they consider them as means to an end. The
means-ends relationship inherent in biological function
has been largely neglected in biology education, probably
because biology educators have prioritized demarcating
biology from ontological teleology and have thus empha-
sized that ends do not belong to the biological domain.
Considering the long history of the debate about teleol-
ogy in the philosophy of biology as well as the promi-
nence of students’ teleological reasoning in biology in
comparison to other school subjects, however, we revis-
ited the question of whether ends belong to the biological
domain. Based on current insights from the philosophy
of biology, this paper distinguished two different under-
standings of telos: an ontological versus an epistemologi-
cal understanding. The former is inadequate because of
the assumption that ends and goals do in fact exist in
nature and that natural mechanisms are directed towards
goals. The latter, in contrast, is adequate insofar as it does
not assume that ends and goals exist in nature. Rather,
epistemological teleology centers around the idea that
ends represent a methodological tool to structure bio-
logical knowledge. Epistemological means-ends consid-
erations allow the contribution of organismic parts to
survival or reproduction to be described. For biologists,
such means-ends considerations are highly productive
for describing living organisms. For students, in contrast,
means-ends considerations can be misleading. The argu-
ment we put forth in this paper, thus, is based on the
insight that an epistemological understanding of ends is a
central aspect of the biological domain. As a major impli-
cation for biology instruction, students need to under-
stand the scope and limits of epistemological means-ends
considerations to refrain from slipping into inadequate
ontological assumptions about ends. Craver’s framework
details multiple explanatory perspectives in biology. It is
valuable for research and development focusing on the
distinction between epistemological and ontological tel-
eology to prevent students from confusing one with the
other.
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