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Abstract 

Despite evolution being the central idea in modern biology, considerable variation exists in its acceptance around 
the globe, and reports of anti-evolutionist and creationist movements are widespread. Educators need to re-evaluate 
the approaches used for teaching students about evolution in order to facilitate its understanding and acceptance. A 
major hurdle in understanding the concepts of evolution is that humans tend to view the world in a teleological way. 
Learners create obstacles to understanding the concepts of evolution by ascribing purpose or intent-driven actions 
to animals, processes, or inanimate objects. An indispensable learning tool in the field of evolution is the evolutionary 
tree, as it is a direct representation of evolutionary hypotheses. The ability to read and understand this form of repre-
sentation is prerequisite to fully understanding the concepts of evolution. In this work, we present issues faced when 
attempting to teach students to read evolutionary trees as well as troublesome diagrammatic properties that may 
foster teleological thinking. Further, we present teaching practices and methods that may be used to avoid the above 
challenges (from diagrammatic and instructional perspectives). With this work, we aim to raise awareness among edu-
cators about the different potential teleological pitfalls in the field of teaching how to read evolutionary trees, and to 
present different approaches for minimizing teleological reasoning and thinking in evolution education.
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Background
In modern biology, evolution and evolutionary analyses 
play an increasingly important role (Futuyma 2013; Tay-
lor et al. 2018), further corroborating Dobzhansky’s claim 
that evolution is biology’s unifying principle (Dobzhan-
sky 1973; Futuyma 2013; Kelemen 2012). However, stu-
dents at all educational levels struggle to grasp the central 
concepts of evolutionary biology, which hinders their 
understanding of biology in general (Abrams and South-
erland 2001; Ariew 2003; Cunningham and Wescott 
2009; Gregory and Ellis 2009; Kattmann 2008; Werth 
2012). As evolutionary trees are the most direct repre-
sentation of macro-evolutionary processes and are used 
as hypotheses concerning the relative relatedness of spe-
cies, they are an indispensable tool in the learning and 
communication about evolution (Baum et al. 2005; Mei-
sel 2010; Nehm and Kampourakis 2014). The concepts 

of reading and interpreting evolutionary trees are poorly 
understood by students of biology, similar to how they 
find it difficult to understand evolution (Baum et al. 2005; 
Gregory 2008; Kummer et al. 2016; Omland et al. 2008).

The theory of evolution is known to spark contro-
versies globally, regardless of country or culture. The 
acceptance of the theory of evolution in a population 
varies between different countries, with some countries 
showing a high percentage of acceptance (80% in France, 
75% in New Zealand) to some countries showing lower 
percentages of acceptance (54% in Missouri, US; 17% in 
Malaysia) (Campbell 2018; Friedrichsen et  al. 2018; Lay 
et  al. 2018; Quessada and Clément 2018). In addition, 
the share of the population holding creationist beliefs 
also varies between the states and regions. It has been 
reported that the acceptance of creationism and intel-
ligent design is on the rise in different countries (Reiss 
2018). The level of acceptance of the theory of evolu-
tion and its wide range is attributed to different factors, 
including religious views, cultural traditions, geographi-
cal diversity, and individual proficiency (Borgerding and 
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Deniz 2018; Deniz and Borgerding 2018). Accepting evo-
lution and understanding its concepts are closely linked. 
However, the tendency to think teleologically hinders 
student understanding of the theory of evolution (Barnes 
et al. 2017; González Galli and Meinardi 2011).

In this work, we aim to present theoretical considera-
tions about the teleological pitfalls in teaching how to 
read evolutionary trees, based on data from earlier stud-
ies. These pitfalls will be structured into three parts: two 
major cognitive hurdles—the great chain-of-being and 
the complexity idea—and troublesome diagrammatic 
properties of evolutionary trees. In addition, we present 
different approaches to overcome these pitfalls.

Teleology
The concepts and processes of evolutionary biology seem 
to be poorly understood by high-school students, mem-
bers of the public, and even post-secondary students and 
graduates of biology (Gregory 2009; Nehm and Schonfeld 
2007, 2008). One of the fundamental difficulties in learn-
ing evolutionary biology is that human beings tend to 
see the world from a purpose-driven and goal-oriented 
perspective (Gregory 2009; Kelemen and Rosset 2009). 
This might be because we expect other living beings, 
processes, and inanimate objects to behave as humans 
would, with planned and purposeful actions (Mead and 
Scott 2010a, b). Thus, it is not surprising that not only 
novice learners but also other humans tend to see evo-
lution as a purposeful and directed process (Catley et al. 
2010; Kampourakis 2014; Kelemen 2012).

Teleological thinking is a way of thinking wherein 
objects or processes behave with the underlying inten-
tion to fulfill their specific goal (Kelemen 1999a; Rosen-
berg and McShea 2008). This notion is specifically strong 
in children; however, it persists through their high school 
and university years (Gregory 2009; Kelemen and Rosset 
2009; Southerland et al. 2001; Trommler et al. 2018). Fur-
thermore, in teleological explanations, inanimate objects 
or parts of living beings (such as organs) are often falsely 
attributed with consciousness and goal-directed actions 
(Tamir and Zohar 1991).

The teleological bias occurs in students during their 
preschool years when trying to understand many aspects 
of the natural world. Children at this age typically view 
the existence of organismal traits as serving the physical 
good of the organism, while viewing artifacts’ properties 
as existing for the benefit of external agents (Keil 2002; 
Kelemen 1999a). Further, preschool and elementary 
school children ascribe both living organisms and arti-
facts as being “made for something” (Kelemen 1999b, c). 
While young adolescents can grasp the complex concept 
of evolution—that animals can change substantially over 
a period of time—they tend to have a teleological bias 

because of the explanation that animals change with the 
purpose to adapt (Evans 2001). During their secondary 
schooling, students often argue teleologically about the 
existence of traits in animals. For example, they explain 
that canines need structures such as claws and teeth to 
catch their prey (Kampourakis and Zogza 2007).

A major reason for teleological reasoning in biology 
is the general tendency of humans to think in a goal-
directed manner. As our everyday lives involve overcom-
ing difficulties, completing tasks, and fulfilling needs, we 
are inclined to regard many situations with a goal-ori-
ented perspective, and therefore, we exhibit a teleologi-
cal bias to the purpose or function of objects or processes 
(Gregory 2009).

Teleology and evolution
Teleological thinking can emerge in different forms in 
the context of evolution. One example is that evolution-
ary processes are seen based on the following three ideas 
(González Galli and Meinardi 2011): (1) The process 
of evolution aims to create certain lineages or species 
(especially humans). (2) The process of evolution aims at 
securing the survival of species. (3) Individual variations 
arise to fulfill needs forced upon species by the environ-
ment and to overcome survival challenges. Another way 
that teleological thinking can become apparent is when 
learners answer evolutionary questions containing the 
word “why” with responses that are more reflective of the 
questions “For what purpose?” or “What is it for?” instead 
of the scientifically accurate sense of “What is the cause?” 
(Kelemen 1999a). These interpretations can imply that 
students assume biological processes to follow a function 
instead of being the result of a complex set of influencing 
factors.

Different beliefs and concepts in evolution that can 
form hard to overcome misconceptions are based on tele-
ological ideas (Kampourakis 2014). As some students see 
evolutionary change as a means of overcoming survival 
challenges, they assume that evolution is a development 
of increasing complexity. By purposefully overcoming 
challenges, species become more complex and are there-
fore “more (highly) developed” than other species. There-
fore, the notion of seeing the taxonomic system as an 
increasing order of complexity could be a consequence 
of teleological thinking as proposed by Kummer et  al. 
(2016). In the course of this work, we will lay out this idea 
in more detail.

Evolutionary trees as representation of evolution
An important element in learning and communicating 
about biology is graphical representation (Wiley et  al. 
2017). In the case of evolutionary biology, phyloge-
netic, or evolutionary trees are an indispensable tool for 
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communication (Baum and Smith 2013). Evolutionary 
trees are diagrammatic hypotheses about relative rela-
tionships among taxa and are seen as the most direct 
form of representation of macro-evolutionary processes 
(Baum et al. 2005). They not only show the results of evo-
lution by displaying the relative relationships of selected 
species, but also act as a tool to investigate evolutionary 
processes (Baum and Smith 2013). Therefore, the ability 
to work with evolutionary trees is seen as prerequisite to 
fully understanding the concepts and processes of evolu-
tionary biology (Catley et al. 2012; Meisel 2010).

The aspects of reading, interpreting, and utilizing evo-
lutionary trees are subsumed under the term “tree-read-
ing”, which, along with aspects of creating a hypothesis 
for an evolutionary tree from given data, is called tree-
thinking (Baum and Smith 2013; Halverson 2011). In this 
paper, we will focus on the aspect of tree-reading. The 
ability of reading evolutionary trees consists of a number 
of different skills, ranging from the knowledge of dia-
grammatic elements, such as internal nodes, over-read-
ing and interpreting new traits (apomorphies), evaluating 
relative relationships of species, and forming monophy-
letic groups to compare and contrast different evolu-
tionary trees (Halverson 2011; Novick and Catley 2016; 
Schramm et al. 2019).

Despite the relevance of tree-thinking, numerous stud-
ies show that students struggle with these kinds of rep-
resentations and that working with evolutionary trees is 
an issue at all educational levels (Baum et al. 2005; Blac-
quiere and Hoese 2016; Bokor et al. 2014; Kummer et al. 
2016; Meir et al. 2007). This can be explained, as numer-
ous known factors can affect the difficulty of reading 
evolutionary trees. Reading evolutionary tree diagrams 
is a complex task and is influenced by factors such as 
knowledge of evolutionary concepts (MacDonald and 
Wiley 2012) and prior knowledge about the morphology 
of species (Novick and Catley 2014). Besides student-
related factors, factors on the side of the diagram can 
affect the reading difficulty of a tree (e.g., Catley et  al. 
2012; MacDonald and Wiley 2012; Novick et  al. 2010). 
Furthermore, numerous persistent and widespread mis-
conceptions have been reported, such as the idea that 
straight, uninterrupted lines represent no evolutionary 
change, or that the order of presented species represents 
their relative relationship (as opposed to the branching 
pattern) (e.g., Gregory 2008; Meisel 2010).

As teleological thinking is seen as one of the major 
hurdles in teaching evolutionary biology (Barnes et  al. 
2017; González Galli and Meinardi 2011), educators and 
researchers attempted to examine what leads students to 
adopt or discard teleological reasoning and how to teach 
evolutionary biology in the best manner so as to foster 
scientific interpretations of evolutionary concepts.

Just as teleological thinking is seen as a central issue 
in learning about evolutionary biology, the ability to 
read evolutionary trees is seen as a crucial prerequisite 
in order to fully understand the theory of evolution. In 
addition, tree-reading is seen as a major skill in modern 
evolutionary biology, but studies show that students at 
all educational levels show major deficits in these skills 
(Catley et  al. 2012; Gregory 2008; Kummer et  al. 2016; 
Omland 2014). In this work, we want to examine the 
results of ongoing research and theoretical considera-
tions on tree-reading with the focus on identifying and 
presenting typical teleological pitfalls in teaching as a 
part of evolutionary biology. Subsequently, we want to 
present ideas about how evolutionary trees can be used 
in a constructive way in order to teach tree-reading sci-
entifically and inspire activities that can help students 
appropriately deploy teleological reasoning.

Teleological pitfalls
Teleological reasoning is seen as a central hindrance in 
learning about evolutionary concepts, and therefore, we 
want to present different misconceptions and settings 
in practice where teleology might interfere with teach-
ing tree-reading. In this section, we present the two 
overarching misconceptions of evolutionary biology, the 
chain of being and the complexity idea, and we explain 
how these ideas can reveal themselves in the context of 
evolutionary trees and the ways in which they might be 
unintentionally reinforced by teaching practices. In the 
second part of the section, we focus on the properties of 
evolutionary tree diagrams, which can facilitate teleologi-
cal interpretations.

Pitfalls in evolutionary trees
Chain of being
Before Darwin’s revolutionizing work on the evolution 
of species (1859), (natural) philosophers tried to struc-
ture the diversity of life. These earliest concepts of natu-
ral systems usually followed the idea of the “Great Chain 
of Being” or “Scala Naturae” with a vertical representa-
tion of the system of species. At the lower part, “sim-
pler” species are depicted; following the order up, the 
complexity of presented organisms increases, typically 
climaxing with humans or God at the top of the natu-
ral order (Gregory 2008; Matuk 2007). In the historical 
context, these representations were based on the idea 
that life was created by a divine being in an event of full 
creation. Therefore, all of the different forms of life were 
seen as having the same age and as not changing over 
time (Matuk 2007; Mogie 2000). This form of presenta-
tion is highly questionable from a modern perspective 
as it implies the problematic concept that evolutionary 
development culminates in a small number of advanced 
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species and thus, it is a teleological perspective (Catley 
et al. 2012). Furthermore, it implies that different species 
are more or less evolved or complex. Today, no scientifi-
cally justifiable basis can be applied to rank species with 
regards to their complexity or their “rank” in the natu-
ral system (e.g., Gould 1996). Nevertheless, the general 
idea of the Chain of Being is not only present today, but 
is actually a frequently reported and widespread miscon-
ception (Gregory 2008; Kummer et  al. 2016; Nee 2005; 
Philips et al. 2011).

A more recent description of thinking in line with the 
Chain of Being is what has been termed “developmental 
thinking” (O’Hara 1997), where evolution is seen as sto-
ries of individual development while investigating the 
developmental history of one species from a root to the 
present without taking into account the branching nature 
of lineages.

Considering evolutionary processes and concepts, rep-
resentations in the linear style of the chain of being (or 
developmental thinking) do not show relevant concepts 
such as: the splitting of populations leading to speciation, 
extinctions, the relative relationships of different species, 
new evolutionary traits (apomorphies), or any other indi-
cators of a modern understanding of evolution.

Pop‑cultural influence on teleological reasoning
Probably the most prominent iconographic depic-
tion of the concept of evolution in popular culture fol-
lows the idea of the chain of being. The typical form of 
this well-known iconography (see Fig.  1) shows a linear 
progression from left to right in varying compositions. 
Sometimes starting from unicellular life, with different 
steps leading to modern humans on the left, but most 
prominently, from a crooked ape on the left, to an upright 

human on the right (Baum and Smith 2013; Clark 2009; 
Gould 1995).

This kind of iconography can convey different ideas 
not supporting the concepts of evolution. The direct line 
from a “simple” or “primitive” ape to the upright, devel-
oped human could imply that evolutionary processes 
strive to increase the complexity of living beings and 
that humans are the pinnacle of the living world. This 
notion could be further supported by the typical increase 
in heights of the presented organisms from left to right. 
Furthermore, one could interpret this image to support 
the idea that humans developed from apes but are not 
apes themselves. Thus, this kind of image represents the 
idea of the chain of being as a valid depiction of evolu-
tionary processes and thus fosters teleological thinking 
(Werth 2012).

Complexity idea
As biologists explored the diversity of life and tried 
to organize living things into different groups, they 
expanded the concept of the chain of being. Instead of 
a linear progression of complexity, branching depictions 
were used, often in the form of actual tree-like pictures. 
In these early organizational works, classification was 
mainly based on morphological structures and differ-
ent groups were typically seen as more or less “primi-
tive” or “complex.” In these tree-like-depictions, “lesser” 
groups were presented closer to the stem of the tree, 
whereas “highly complex” organisms or groups, includ-
ing men, were presented on the branches at the top of 
the tree (Matuk 2007; Mogie 2000). Evolutionary trees in 
this form of the tree of life are still used in educational 
literature and only in a minority of the cases are these 
diagrams put in an appropriate historical context (Catley 
and Novick 2008).

Fig. 1 Pop-cultural representation of the human evolution. This stylized representation is typical for popular-cultural of -scientific depictions of 
human evolution. It does not show any bifurcation events, extinction of species and thus can evoke the idea, that evolution is a directed process, 
leading to modern humans as the pinnacle of life
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The idea that different species are more or less evolved, 
or the notion of “higher” or “lower” species is problem-
atic as it nourishes the idea that evolution pursues a rise 
in complexity over the course of time as a type of pur-
pose, thus being deeply teleological (Kummer et  al. 
2016). In the context of tree-reading, it can be seen as the 
most problematic form of teleological interpretations, as 
multiple common misconceptions in reading evolution-
ary trees are heavily based on this idea (Baum et al. 2005; 
Dees et  al. 2014; Gregory 2008; Mogie 2000; Omland 
et al. 2008). In the following text, we will call this concept 
the “complexity idea”.

The complexity idea can be an indication of teleologi-
cal thinking in evolution, as it backs the concept that evo-
lutionary processes are “aimed” at inevitably bringing up 
more complex forms resulting in modern humans (Mogie 
2000). As it is the core of many different (teleological) 
misconceptions, with regards to evolution in general and 
depictions of evolutionary processes in specific, we lay 
out different factors promoting the complexity idea in the 
context of evolutionary biology below.

Reading across the tips
A common misconception in reading evolutionary trees 
based on the complexity idea is called “reading across 
the tips” (Gregory 2008). It describes the concept that 
students tend to ignore the branching pattern of a given 
tree and rather read the presented organisms in the order 
they are presented, as a direct line of rising complexity, 
depending on the orientation of the tree, from left to right 
or from bottom up (Blacquiere and Hoese 2016; Gregory 
2008; Kummer et al. 2016). This leads to students largely 
ignoring the branching pattern of the tree and thus draw-
ing wrong inferences about the information presented. 
As the organisms are seen as being arranged in a con-
tinuum of rising complexity, this misconception reveals 
the notion that species can be arranged according to their 
“higher” or “lower” development.

Order of teaching evolution
The complexity idea might be unintentionally supported 
by many scientists and educators by the way they pre-
sent information. Multiple books about evolution, some 
by well-known scientists, are structured in support of the 
idea of increasing complexity by following an arrange-
ment similar to the Chain of Being (Nee 2005). Often, 
they begin with describing the origin of life and the first 
living organisms and continue with events like the first 
eukaryotic cell, multicellularity, leaving the water, first 
mammals, and in the end, human beings. This common 
order of how to present evolutionary history is suited to 
nourish the idea that evolution works on increasing the 
complexity of life and that humans are the pinnacle of 

biological life (Nee 2005). By sustaining the notion that 
evolution is a process producing beings that are ever 
more complex and that one can follow a “complexity lad-
der” through the domains of life, the interpretation of 
evolution being a process with the purpose to spawn ever 
more complex beings might be enticing. Teaching this 
way could support the complexity idea and associated 
teleological views about evolution.

Teleological wording
The way an educator chooses his or her wording can have 
a considerable influence on the way students understand 
a topic. This is especially true in the case of evolution-
ary biology, as many professional biologists and educa-
tional textbooks regularly use teleological formulations, 
despite not intending to teach teleological interpreta-
tions (González Galli and Meinardi 2011; Hanke 2004; 
Ruse 2009; Werth 2012). For example, one could say 
that the heart evolved to pump blood, and the underly-
ing meaning of this statement is that the heart underwent 
an evolutionary process, adapting and shaping it, which 
resulted in a better-adapted morphological structure. 
The statement is not meant in a way that the heart was 
originally designed as a blood-pump. Another example 
is the statement that a species lives in flocks to defend 
against predators. Here, the reason of living in flocks is 
an evolutionary adaptation and not the idea of an indi-
vidual organism that living in a group could be a good 
way to repel predators. Typically, educators assume that 
their students understand their teleological formulations 
as metaphors and do not want to foster teleological rea-
soning. This raises the risk that students might become 
used to teleological wording and adopt it without regard-
ing the metaphorical nature or might directly adopt 
teleological reasoning (Kelemen 2012; Werth 2012). Fur-
thermore, textbooks often focus on the functions of bio-
logical systems or processes without shedding much light 
on the causes. This can lead to students analyzing bio-
logical concepts from a teleological perspective (Abrams 
and Southerland 2001). The issue of teleological wording 
is not only present in educational textbooks or oral pres-
entations, but also in peer-reviewed publications, espe-
cially with the use of the classification into “higher” and 
“lower” species, and therefore, in the form of the com-
plexity idea.

Effects of representational elements and styles
Darwin’s publication of the concept of evolution as 
descent with modification introduced trees represent-
ing the order of life: Lines did not represent some simi-
larity between different groups any more, but a direct 
relationship by descent. These diagrams came in vari-
ous different forms, and conventions on how to best 
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present evolutionary relatedness had yet to be found 
(Pietsch 2012). In modern phylogenetics, three forms 
of evolutionary tree diagrams are most prevalent: rec-
tangular trees (also called tree diagrams), diagonal trees 
(also called ladder diagrams or trees), and circular trees 
(Fig.  2), although the latter are rather scarcely used 
(Catley and Novick 2008; MacDonald and Wiley 2012). 
Different representational styles can lead to different 
interpretations of a given tree, especially with novice 
learners (Catley et al. 2012), although all styles carry the 
same informational value. Furthermore, the absence or 
presence of certain elements of a tree can change the dif-
ficulty of reading the tree or influence the way it is read. 
In the following, we will present different aspects of the 
representational style of evolutionary trees that can fos-
ter teleological ideas while working with them.

Diagonal trees
Diagonal trees can especially support misconceptions in 
reading evolutionary trees. For example, students tend to 
interpret diagonal trees by seeing long lines as an entity, 
determined by its terminal taxon (see taxon A or F in 
Tree b in Fig. 2). This interpretation leads to interpreting 
branching events as other groups developing “away from 
the main branch,” and thus, implying the idea of a main 
line of development, usually culminating in humans, 
with different other, inferior developmental lines (Greg-
ory 2008; Halverson and Friedrichsen 2013; Omland 
2014). This interpretation is especially prominent as stu-
dents follow the Gestalt principle of good continuation. 
Depending on which species are presented at the end of 
one long, continuous line, the representation can support 
teleological interpretations. For example, if humans are 
presented at the end of the uninterrupted long line at one 
side of the tree, it could be seen as a directed evolutionary 

process culminating in the development of humans, with 
other taxa as mere side branches of this development.

Anagenetic diagrams
Anagenetic diagrams are largely used when represent-
ing the evolutionary history of modern humans and in 
the case of the evolutionary history of the horse (Catley 
and Novick 2008). These diagrams typically put differ-
ent species into perspective based on the fossil record, 
and at least two different species are linked directly and 
successively along a single branch of the tree without a 
bifurcation event (Catley and Novick 2008). This form 
of presentation can easily be interpreted as the repre-
sentation of anagenetic processes, one species turn-
ing into another, without a branching event occurring 
(Philips et  al. 2011). The idea that evolutionary pro-
cesses are transformation processes, turning one species 
into another, is seen as being linked to the teleological 
interpretation of the presented data (Novick et al. 2014; 
Philips et  al. 2011; Scott 2010). Here again, we can find 
the complexity idea, as one species seems to develop into 
a new and “higher developed” species, leading to extant 
species we know today (Novick et al. 2014).

Orientation of the tree
Besides the style of the tree, the orientation of the trees 
can have an influence on the way learners interpret the 
presented information. If extant species in a tree are pre-
sented along a vertical axis (so the flow of time is pre-
sented horizontally), novice learners tend to interpret the 
tree in a teleological way by ascribing species at the top 
to be highly developed. The interpretation with the tree 
rotated and extant species presented along a horizontal 
line is less common (Philips et al. 2011).

Lines represent no change
Many learners possess the misconception that lines in an 
evolutionary tree represent no alterations and only nodes 
represent evolutionary changes; therefore, this can be 
seen as a concept similar to the idea of main branches, 
described in the context of diagonal trees discussed 
above. The concept that lines represent no change can 
be interpreted as teleological fallacy, as it can imply that 
evolutionary changes occur for the reason of speciation 
(Kummer et al. 2016). A consequence of this idea can be 
the well reported misconception that students attempt to 
evaluate relative relations of species by counting nodes 
along the lines between different species (Gregory 2008; 
Meir et al. 2007).

Unbalanced trees
The number and arrangement of taxa in a given tree can 
have a major influence on the way learners read a tree. 

a b c

A

BC

D

E

A

B

C

D

E

F

A

B

C

D

E

F

F

Fig. 2 Most widely used tree formats: a rectangular tree/tree 
diagram, b diagonal tree/ladder diagram, and c circular tree. 
Although the three formats look differently, they show the same 
branching pattern and therefore convey the same information. 
Nevertheless, the difficulty in reading them varies, as they are 
susceptible to different misconceptions
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When presented with a tree where different clades or 
parts of the tree feature very unequal numbers of pre-
sented species, students tend to interpret the clade with 
less groups as a more primitive one (Gregory 2008; Mei-
sel 2010). Just as the general idea of different species 
being differently “developed” or more or less primitive is 
not supported by evolutionary reasoning, this concept is 
also flawed. As every evolutionary tree shows a selection 
of species or groups, typically any branch can be pro-
vided with a number of additional branching events to tip 
the proportion of the number of presented species in the 
interpreted clades.

Age of groups
A form of evaluating relative relationships in a tree that 
is tightly linked to the complexity idea is the notion that 
different extant groups in a tree are older or younger; this 
implies that the older group is less evolved or more basal 
than the younger group. The idea of this concept is that 
different taxonomic groups emerged at different times 
throughout the history of the earth; for example, the first 
organisms later classified as birds lived before the first 
organisms later classified as humans (see Fig. 3). Novices 
in reading evolutionary trees tend to attribute groups 
with early branching events as being less evolved because 
of the time of divergence in a presented tree (Gregory 
2008).

In a given tree, all extant species are the same age. The 
time from the root of the tree to the tips is the same for 
all presented species (extinct species not factored in), 
and therefore, their total time of evolution is the same 
(Baum and Smith 2013). As trees presented in publica-
tions can only show parts of the complete evolutionary 
tree of all living beings, the number of branching events 
along a given lineage cannot be interpreted meaningfully. 
If a tree is presented with a scaled time axis, branching 
events on different lineages can be set into relations by 
stating that one branching event occurred before the 

other. Nevertheless, this does not justify any interpre-
tation of less or more advanced clades in a tree (Baum 
and Smith 2013; Mogie 2000), which could be the basis 
for teleological interpretations, following the complexity 
idea.

Interpreting focal taxa
The positioning of humans in evolutionary trees is a 
common feature in teaching tree-reading (Sandvik 2009). 
Presenting humans (or the taxonomic group containing 
humans, like mammals or vertebrates) in a tree in a posi-
tion at the outer side of the branching pattern can sup-
port interpretations of the species being presented in an 
ascending order of complexity (complexity idea). Such a 
prominent position can also corroborate anthropocen-
tric tendencies and the interpretation that evolutionary 
processes culminated in modern humans (Sandvik 2009; 
Philips et  al. 2011). Both interpretations can be seen as 
a feature of teleological reasoning (Meisel 2010; O’Hara 
1997; Philips et al. 2011). Often, humans are presented in 
a prominent position in evolutionary trees, at the edge of 
the diagram, depending upon the general orientation at 
the far right or the top of the tree. By positioning humans 
at the edge of the tree diagram, their position implicitly 
places focus on them, implying that humans deserve 
focus or are a type of endpoint. Interpreting a tree this 
way can lead to the conclusion that evolutionary pro-
cesses took place in order to lead to humans as a special 
group of organisms, in an extreme form, to humans as 
the pinnacle of life on earth (Meisel 2010; Philips et  al. 
2011; Sandvik 2009). The same principles hold true if the 
tree shows another focal taxon instead of humans.

Different levels
Another factor influencing the perception of different 
species as “higher” or “lower,” is whether extant species in 
an evolutionary tree are presented at the same level in the 
diagram. In a cladogram, the length of the branches has 
no informational value, and therefore, all extant species 
are typically arranged on a line orthogonal to the direc-
tion of the flow of time and only extinct species are pre-
sented at lines ending earlier (Catley and Novick 2008). 
In special trees such as phylograms or chronograms, the 
length of the branches represent evolutionary changes, 
mutation rates, or time. However, in modern educational 
literature, extant species are frequently presented in dia-
grams on the same level without the branch length show-
ing any metric logic (Catley and Novick 2008). Diverting 
from the design that extant species are presented at one 
level can lead to students interpreting the tree in a way 
that different species are seen as being less evolved or 
more primitive, which could lead to teleological interpre-
tations of the tree. If the species are presented at different 

bird
turt le
human

turt le
human

a b

Fig. 3 Interpretation of the age of groups based on branching 
pattern. In these two trees, all species evolved the same time. In 
tree (a) both the turtle and man obviously seem of the same age, 
as they share a root and simply diverge at one point. In tree (b) the 
sister group of humans has been expanded by the group of birds. A 
common misconception is to call human an older group or earlier 
branching group in tree b. Of course, this is not applicable, as the 
bird–turtle and human branches diverge at the same time, and the 
bird–turtle branch simply diverges at an additional time. In most 
cases, the interpretations of earlier branching are interpretations 
focused on the number of branching events in different lineages
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levels on purpose, the design should be clearly high-
lighted and explained in the diagram.

Evolutionary trees are a highly context-specific form 
of representation in evolutionary biology, and unfor-
tunately, numerous teleological pitfalls exist in con-
structing or presenting them in a learning context. In a 
modern learning context, we can still find interpretations 
and concepts based on scientific interpretations that are 
many centuries old. In fact, one of the most fundamental 
hurdles in reading evolutionary trees is that learners tend 
to attribute different complexities to presented organisms 
and see them as more or less developed. In an extreme 
form, learners think of a linear order for the complexity 
of species and use this as a basis for evolutionary expla-
nations. This hurdle—the complexity idea—can be cor-
roborated in the context of evolutionary trees by different 
teaching practices and diagrammatic properties. Further-
more, an evolutionary tree is comprised of numerous 
elements, whose absence or presence can influence tele-
ological interpretations.

Avoiding the pitfalls
As discussed previously, numerous misconceptions and 
practices can potentially foster teleological thinking in 
the context of evolutionary trees. In the following sec-
tion, we present different ways to avoid or at least reduce 
the challenges caused by some of the described obstacles. 
The practices presented here can be divided into two 
main groups: practices with the perspective of choosing 
or modifying suitable diagrams and practices with the 
perspective on teaching strategies while working with 
evolutionary trees.

Diagrammatic perspective
While teaching tree-reading, educators should be cau-
tious about the evolutionary trees they select to present 
to their learners. As mentioned before, numerous prop-
erties of evolutionary trees may hinder learning how to 
read them, and simultaneously, they might foster tele-
ological interpretations. Therefore, a crucial step in plan-
ning a teaching unit about evolutionary trees is to decide 
which diagrams to use, how to improve them, and how to 
use different forms of diagrams.

Tree design
The most obvious distinctions between different evolu-
tionary trees is the general type, or the outer shape of the 
diagram [rectangular, diagonal, or circular (see Fig.  2)], 
and the orientation of the diagram: where is the root 
and in which direction is the flow of time represented. 
Numerous studies show that evolutionary trees in a rec-
tangular tree-format should be favored over diagonal 
trees as they are easier to read and are surrounded by a 

lower number of misconceptions (Crisp and Cook 2005; 
Meisel 2010; Novick and Catley 2007; Novick et al. 2010). 
In particular, diagonal trees seem to be prone to tele-
ological interpretations because of the Gestalt principle 
of good continuation. Further, rectangular trees are more 
prevalent in scientific publications than the other formats 
(Novick and Catley 2007).

Besides the overall style of the tree, depictions of ana-
genetic developments can also influence the difficulty 
to read evolutionary trees and can reinforce teleological 
thinking (Catley and Novick 2008). Therefore, educa-
tors should question the extent to which anagenetic dia-
grams are suited for use in a learning context, the risk of 
reinforcing anagenetic interpretations, and the degree to 
which the potential consequences of reinforcing teleolog-
ical interpretations can be compensated.

As students demonstrate less problematic interpre-
tations and misconceptions when reading trees where 
extant organisms are presented along a horizontal line, 
i.e., where the flow of time is presented in the vertical 
direction, diagrams with this orientation should be pre-
ferred (Philips et al. 2011).

By carefully choosing the type of evolutionary tree to 
be used in which orientation, educators can greatly con-
trol the difficulty of tree-reading tasks. In modules on 
evolutionary trees, students should first be presented 
with trees in a rectangular form and should become 
acquainted with the other representational styles in the 
course of the module to familiarize them with the multi-
tude of styles, and to prepare them to work with more dif-
ficult or misconception-loaded styles such as rectangular 
trees or anagenetic diagrams. Furthermore, complexity-
inducing properties of trees, such as the orientation of 
the tree, or the representation of species at differing lev-
els, should be addressed at an appropriate time during 
the course of the unit, when students are familiar with 
the general concepts of how to read a tree.

Tree properties
In addition to the general form of the diagram, different 
properties need to be considered; for example, what fur-
ther information can be presented with the diagram and 
how certain information is embedded in the diagram.

Visualizing rotations
It is advisable to present not only diagrams that have 
undergone a process of internal rotations, but to confront 
learners with multiple diagrams showing the same rela-
tionships. By learning that nodes can be rotated without 
altering the presented information, students can learn to 
better interpret trees as a nested hierarchy, including the 
concepts of sister groups (Meir et al. 2007; Philips et al. 
2011). In order to visualize the possibility of rotating a 
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tree without altering its content, one can lay cards rep-
resenting species according to their relationship based 
on genetic data or traits (Gibson and Cooper 2017; Gold-
smith 2003). Another approach can be to create three-
dimensional trees models that can be easily be modified, 
such as a mobile (Baum and Offner 2008) or built out of 
modifiable materials like pipe-cleaners (Halverson 2010). 
By pointing out that branches can be rotated around any 
node without altering the branching pattern or the rela-
tive relationship of the presented species, learners can 
see that the order in which species are presented in a 
diagram does not bear any deeper denotation, which is 
a basis for multiple misconceptions. This could lead to 
fewer interpretations addressing the complexity idea and 
misconceptions such as reading across the tips, which are 
linked to teleological reasoning (Baum and Offner 2008; 
Novick et  al. 2014). Consequently, this should lead to 
fewer teleological-based interpretations. Besides reduc-
ing misconceptions, addressing rotations could lead stu-
dents to gain a better understanding of how to interpret 
unbalanced trees and focal taxa.

Positioning of focal taxa
An important point is to think about the focal taxon in a 
tree diagram. Many evolutionary trees in the educational 
literature are used to present the relationship of one or a 
few groups of organisms in relation to other groups, the 
group or taxon under focus is called the focal taxon. In 
order to not substantiate interpretations based on a “spe-
cial nature” of the focal taxon, this group should not be 
presented at one of the outmost positions in a given tree, 
as this could support the notion that this group is “more” 
developed than other groups (Novick et al. 2014).

As human thinking is prone to be anthropocen-
tric (Kattmann 2008), we tend to put special focus on 
humans, or the presented taxonomic group containing 
humans (e.g., mammals or vertebrates) (Sandvik 2009). 
If humans are presented at a prominent position in an 
evolutionary tree, the anthropocentric view can be fur-
ther supported. Similar interpretations can of course 
be seen if another group is the focal taxon, depend-
ing on the context of the representation. By rotating 
nodes inside the tree, humans can be presented at a 
location that is not expected by novice learners, and 
thus, it can possibly stimulate them into reflecting and 
questioning their own expectations (González Galli 
and Meinardi 2011; Meisel 2010; Novick et  al. 2014; 
Philips et  al. 2011). Educators should therefore desist 
from using trees where the focal taxon is presented at 
the outermost position in the tree. As many trees in 
educational literature especially present humans in 
such special positions and it might be difficult to avoid 

these diagrams completely, one should attempt to pre-
sent a mix of diagrams where focal taxa are presented 
in prominent positions, as well as diagrams where the 
nodes have been rotated. By this, the concept that the 
order of taxa in a tree bears a deeper meaning instead of 
the underlying branching pattern might be contested.

Adding additional information
There exist some hints on how adding information to 
a diagram can ease the reading process of evolutionary 
trees. Although these actions have not been shown to 
decrease teleological thinking, they seem to decrease 
the occurrence of misconceptions related to teleologi-
cal thinking. As many students frequently misinterpret 
the relative flow of time in a given tree (Gregory 2008; 
Meir et  al. 2007; Omland 2014), it can be advisable to 
use trees showing at least an arrow indicating the direc-
tion of the flow of time, and even better, using a time 
axis along the diagram. The graphical representation of 
time helps student understanding of the course of evo-
lutionary change and the order in which apomorphies 
or branching events took place. Furthermore, it can 
reduce the tendency of students to evaluate evolution-
ary relationships using the idea of “reading across the 
tips,” assuming that species are presented in the tree in 
an ascending order of complexity and direct relation-
ship (Baum and Offner 2008; Novick et al. 2014).

Evolutionary trees showing apomorphies along the 
branches of the tree are known to be easier to read and 
interpret than trees lacking this information. By adding 
apomorphies, the branching pattern of the tree and its 
nested hierarchy is better represented graphically. In 
particular, for the case of diagonal trees, apomorphies 
can help students extracting the correct structure by 
breaking the Gestalt principle of good continuation 
and breaking the tree down into smaller graphical parts 
(Novick et al. 2010).

Another way of adding helpful information to an 
evolutionary tree is to transform it to an “evogram”, by 
bringing together multiple lines of evidence for the rel-
ative relationship of the presented species (Mead 2009; 
Padian 2008). In addition to the branching pattern, 
such a representation could incorporate apomorphies, 
graphical representations of genetic sequences, fossil 
evidence, as well as graphical elements showing mor-
phological structures of the presented species (Padian 
2008). Using an evogram can show students a broader 
picture of the evidence for the presented taxonomy and 
thus ease understanding of it. By making a diagram 
more comprehensible and conclusive, students might 
be less likely to turn to (teleological) misconceptions 
while interpreting it.
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Instructional perspective
A multitude of ways or actions can reduce the likelihood 
of students following teleological interpretations in a 
learning environment about evolutionary trees. Which 
of these ideas can be combined or are best suited in a 
situation depends a lot on the knowledge and ideas of 
the learners, the teaching style of the educator, circum-
stances of the learning environment, such as size of the 
learning group, available time, and numerous other fac-
tors. The following passage suggests some ideas that edu-
cators can use in their teaching methods to reduce the 
appeal of teleological thinking in tree-reading and facili-
tate student learning in the context of evolutionary trees.

Start with families
A possible way to embark on the field of reading evolu-
tionary trees is by using family pedigrees to familiar-
ize students with the concept of relative relationships, 
most recent common ancestors, and the way they can be 
depicted. By reducing the tree to one sex of the ancestors, 
for example the maternal line with respect to the heredity 
of mitochondria, the typical style of evolutionary trees is 
obtained. This allows students to use their knowledge of 
relationships and heredity on a familial level to develop 
an understanding of representations of relatedness 
(Baum and Offner 2008; Baum and Smith 2013; Baum 
et al. 2005; Meisel 2010). Instructors could advance from 
this start by zooming out from the family tree, showing 
how the pedigree fits into a tree of the population, and 
how this population fits into a species tree (Baum and 
Offner 2008; Baum and Smith 2013; Meisel 2010). While 
looking at family pedigrees allows novice learners to 
obtain an intuitive grasp of relative relationships using 
their everyday experiences, they need to understand 
that evolutionary trees are not the same as pedigrees. In 
particular, species have one ancestor whereas in a pedi-
gree there are two. Furthermore, in an evolutionary tree, 
all represented species typically stem from one early 
ancestor and no groups are added along the time, as in a 
pedigree. Educators should be aware that the displays of 
pedigrees and evolutionary trees are different from one 
another, and these differences should be emphasized in 
order to avoid the development of new misconceptions 
(Meisel 2010).

Start with circle‑in‑circle‑diagrams
Another way of introducing tree-reading is by using cir-
cle-in-circle-diagrams (see Fig. 4). These diagrams rely on 
depicting evolutionary relatedness using nested circles, 
representing different levels of relationship (Baum and 
Smith 2013; Jördens et al. 2012). Thus, students can easily 
get an understanding of the concept that a tree is a nested 

hierarchy and that a branching event always results in 
sister groups, which are equally related to each other. 
Using this type of diagram allows students to easily grasp 
how taxonomic groups are organized (Catley et al. 2005; 
Jördens et al. 2012; Meisel 2010).

Circle-in-circle diagrams can be used to organize 
familiar groups intuitively and give students an easy 
introduction to constructing phylogenetic hypotheses. 
Card-sorting tasks (e.g., Gibson and Cooper 2017), where 
students organize species based on morphological or 
genetic data, may be used to structure relative relation-
ships of the sorted species by nesting them in circles 
prior to constructing tree diagrams.

Convert topologies
In order to understand that different tree styles bear the 
same information and that the branching pattern, or 
topology, of a tree is the most important informational 
aspect, it can be advisable to get students to convert trees 
from one style into another (Baum and Smith 2013). By 
converting an evolutionary tree from, for example, the 
diagonal to a rectangular style, learners can better under-
stand the aspects of both designs and get acquainted with 
the basic procedures in tree construction. Furthermore, 
they can understand the parts of the tree that correspond 
with each other and therefore contain the most mean-
ing (Baum and Smith 2013). A better understanding of 
the tree styles being equivalent may reduce the risk of 
superficial or teleological interpretations, especially in 
the context of styles or orientations, which are prone to 
misinterpretations (see above).

Consider the wording
Students might not be aware of the problem teleological 
metaphors can pose in learning about evolution, espe-
cially because professional biologists and textbooks reg-
ularly use teleological wording. In order to address the 
issue in evolutionary education directly, students need 

A B C D E F

A B C D E F

Fig. 4 A circle-in-circle diagram of six species and a corresponding 
rectangular tree diagram
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to be made aware of their thinking processes (González 
Galli and Meinardi 2011; Trommler et al. 2018). The dif-
ficulty is that these thought processes typically occur 
implicitly, and they need to be made explicit by explain-
ing one’s own way of thinking. By engaging students to 
explain their rationale, teleological formulations will most 
likely arise. By picking these formulations up and using 
them in a constructive way of discussing how they con-
flict with biological models, rather than simply mark them 
as wrong, students should be made aware of the problem 
of teleology directly. For example, discussions can engage 
with the question of whether the statement was intended 
figuratively or literally and point out the limitations of 
everyday language in scientific contexts (González Galli 
and Meinardi 2011). In advanced classes, teleology could 
be picked up as a topic by analyzing different statements, 
both scientific and teleological, about evolution, working 
out the differences and potential problems and rephras-
ing teleological explanations or by making students aware 
of the metaphorical nature of many teleological wordings 
(González Galli and Meinardi 2011; Zohar and Ginossar 
1998). This way teleological statements can be used to 
gain a deeper understanding of how to think about evo-
lutionary processes (González Galli and Meinardi 2011; 
Zohar and Ginossar 1998; Kattmann 2008).

An issue with reacting to teleological statements is that 
students might not actually think teleologically, despite 
phrasing their statements this way. This can be because 
teleological statements are perceived as being less com-
plicated and easier than scientifically valid statements 
(Talanquer 2013). As students might choose teleologi-
cal wording although they do not hold the teleological 
idea, diagnosing teleological thinking cannot solely rely 
on finding teleological wordings, and it requires explicit 
questions regarding the underlying believes; the mere use 
of teleological language does not seem to be sufficient to 
actually account for teleological thinking (Coley and Tan-
ner 2015). Therefore banning teleological language from 
biology education is not purposeful, as this ban does 
not necessarily lead to students changing their mindset 
(Zohar and Ginossar 1998). A difficulty in this regard is 
that the evolutionary discourse is characterized by the 
use of many ambiguous terms. Many students use terms 
like pressure or adapt in a non-scientific way, especially 
when showing a weaker overall academic performance 
(Rector et al. 2013).

Address teleology
A possible way of how to provide students with an oppor-
tunity to show their teleological mindset is to ask them 
to explain how evolutionary processes occur and what 
information evolutionary trees contain. Using informa-
tion like a fossil record or evolutionary tree as a basis, 

asking students questions like “How and why did Species 
X develop?” or “How and why did trait Y develop?” can 
lay open students’ potential teleological biases and thus 
stimulate a discussion about how to interpret evolution-
ary processes and representations (González Galli and 
Meinardi 2011; Werth 2012).

In the later part of a learning period, the educator 
could test in how far students changed their interpreta-
tions of evolutionary processes and representations from 
teleological to scientific reasoning by not asking simple 
questions of how a certain species or trait developed, but 
by posing questions that challenge the students’ reason-
ing (González Galli and Meinardi 2011). These challeng-
ing questions could be about concepts such as the loss of 
function, lateral gene-transfer, or polytomies in an evolu-
tionary tree, or a context, which is likely to conflict with 
the students’ prior knowledge, such as the closer relative 
relationship of crocodiles to birds, rather than lizards 
(Baum and Offner 2008).

By making learners aware of the conceptual difficul-
ties of teleology, especially in the context of evolution, 
they can be sensitized to problematic wording or repre-
sentations, especially in a non-scientific or pop-cultural 
context. Misconceptions directly linked to teleological 
reasoning, such as misinterpreting the age of groups or 
the position of focal taxa might be reduced if students 
are familiar with the conceptual difficulties of teleological 
interpretations.

Educators can choose many practices to counter tele-
ological reasoning in their learning environments (see 
Table 1). By critically reflecting and possibly altering the 
representations used, typical pitfalls and misconceptions 
will be less common. Furthermore, different instructional 
practices can affect teleological tendencies, ranging from 
the way the unit about phylogenetics commences, to con-
crete practices with evolutionary trees, or general aspects 
relating to language use.

Conclusion and implications
Given widespread misunderstandings and low levels of 
acceptance, educators need to be aware about the ways 
in which they are teaching evolution. Many factors influ-
ence the ways in which students perceive evolution; two 
very important ones are teleological thinking and the use 
of evolutionary trees.

Teleological thinking is a central difficulty in teach-
ing and learning evolutionary biology. Students and 
educators on all educational levels tend to use tele-
ological formulations and teleological interpretations 
of evolutionary processes. In particular, novice learn-
ers may face difficulties in understanding and applying 
evolutionary theory in complex biological problems. 
As a part of evolutionary biology, the field of using and 
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interpreting evolutionary trees as the central diagram-
matic depiction of macro-evolutionary processes is far 
from being immune to these teleological pitfalls. Tree-
reading is of major importance to understanding evolu-
tionary biology; however, students from high-school to 
the post-secondary education face great difficulties and 
have a high number of persistent misconceptions about 
reading evolutionary trees. Thus, educators need to be 
aware of approaches that they can employ to minimize 
student use of teleological reasoning.

This work lays out several known and documented pit-
falls in working with evolutionary trees in order to inform 
educators about the parts of teaching tree-reading that 
are susceptible to being influenced by and for promoting 
teleological misconceptions. The major teleological mis-
conception in the field of reading evolutionary trees is the 
notion that different species can be classified as “higher” 
or “lower” (more or less “advanced”). Different teaching 
practices and various properties of evolutionary trees can 
promote this problematic idea in learners.

Besides presenting known teleological pitfalls, we 
provided educators with several approaches for how to 
confront and address teleological reasoning and think-
ing in their learning environments when working with 
evolutionary trees. Here, the approaches can be split into 
practices regarding the construction and design of tree 
diagrams and instructional approaches regarding general 
teaching practices.

This work contributes to the field of evolution education 
by helping educators identify teaching practices and prop-
erties of evolutionary trees that can unintentionally pro-
mote teleological thinking and reasoning. By countering 
teleological reasoning and making students aware of the 
difference between teleological and causal explanations, a 
deeper understanding of evolution can be achieved. If an 
increasing number of students attain a deeper understand-
ing of evolution, its general acceptance might increase, and 
this may simultaneously result in less creationist views.

Limitations
The issue of teleological reasoning in the context of evo-
lutionary education has often been addressed in recent 
years and, as in this work, has typically been seen as a 
hurdle in learning processes. Just as in many other cir-
cumstances, one should adopt a more nuanced per-
spective. Teleological interpretations are typically basal, 
non-scientific explanations for processes in the natural 
world, and they can be used as a gateway to more elabo-
rate explanations. By making students aware of the meta-
phorical nature of their teleological statements, they can 
learn to critically reflect the metaphorical nature and 
possibly attain a deeper understanding of the evolution-
ary concepts (Kattmann 2008).

Few studies have explored the connections among tele-
ological mindsets, evolution in general, and tree-reading. 
There seem to be some aspects, like different design ele-
ments of evolutionary trees, that encourage students to 
make teleological interpretations. Then again, a general 
teleological mindset might lead to faulty interpretations 
of evolutionary trees. Teleological mindsets, tree design 
and fragmentary knowledge about evolution could 
interact and lead to the emergence of teleological inter-
pretations in different contexts of evolution. So, further 
research—especially experimental research approaches—
is needed to clarify these relations.

In the context of this work, we presented several pitfalls in 
teaching how to read evolutionary trees and subsequently, 
the different ways of avoiding them. Although several con-
nections between pitfalls and teaching practices have been 
conducted, several implications presented are based on the-
oretical conclusions, and they have not been tested empiri-
cally. Further work testing these claims is needed.

Table 1 Overview of  the  reported misconceptions linked 
to teleological thinking and potential ways of confronting 
them

Misconception or educational 
pitfall

Possible measures/practices

Pop-cultural portrayal Tree design
Address teleology

Reading across the tips Tree design
Visualize rotations
Adding additional information
Convert topologies

Order of teaching evolution Start with families
Start with circle in circle diagrams

Teleological wording Consider the wording
Illustrate and address teleology

Effects of different representational 
styles

Tree design
Visualize rotations
Convert topologies
Adding additional information

Diagonal trees Tree design
Adding additional information
Convert topologies

Anagenetic diagrams Tree design

Orientation of trees Tree design
Visualize rotations
Convert topologies

Lines represent no change Adding additional information

Unbalanced trees Visualize rotations
Adding additional information

Age of groups Address teleology
Visualize rotations

Interpreting focal taxa Positioning of focal taxon
Address teleology
Consider the wording

Different levels Tree design
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