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Abstract 
 

Deep evolutionary time (DET) – emergence of life over immense time 
scales – is a threshold concept in biology. While understanding DET 
might help learners and citizens contemplate their actions in the context 
of human existence, especially in combination with experiencing evoked 
affective responses, interpreting temporal aspects of DET is demanding. 
DET is communicated through various visualizations that include static 
two-dimensional representations (e.g., phylograms), interactive anima-
tions (e.g., evolution timelines), as well as touch-based interfaces (e.g., 
dynamic representations of phylogenetic trees). Given the importance of 
DET as fundamental scientific knowledge of potential societal applica-
tion, there is a need for educational research on students’ interpretation 
of visually communicated DET. This thesis explores students’ interpre-
tation of different forms of visualized DET along a continuum of interac-
tivity, ranging from non-interactive to highly interactive visualizations. 
 The research aim is four-fold, and probes how students interpret DET 
visualizations in terms of: i) temporal aspects, ii) communicated evolu-
tionary concepts, iii) degree of visualization interactivity, and iv) gene-
rated affective responses.  
 The work comprises four studies, which as a collective, adopt explor-
atory and multi-method fixed and flexible designs. A total of 505 upper 
secondary, college bridging-year, and university students participated. 
Data were collected from written and online questionnaires, task-based 
questions, and semi-structured interviews. Data analysis was qualitative 
and quantitative, and incorporated deductive and inductive approaches. 
 In analysing students' interpretation of static two-dimensional DET 
visualizations such as phylograms (Paper I), an instrument for measur-
ing knowledge about the visual representation of deep evolutionary time 
(DET-Vis) was developed. Emergence of a unidimensional construct 
during validation represents knowledge about the visual communication 
of DET. Inspection of item performance suggests that interpreting visu-
alized DET requires both procedural and declarative knowledge. In mov-
ing across the continuum from static to more dynamic DET visualiza-
tions, analysis of students’ interpretation of an animation communi-
cating hominin evolution (Paper II) revealed five temporal aspects influ-
encing interpretation, namely: events at specific times, relative order, 
concurrent events, time intervals, and time interval durations. A further 
shift across the continuum involved analysing students’ interpretation of 
a touch-based DET visualization of a three-dimensional phylogenetic 
tree (DeepTree) (Paper III). Finger-based zooming was associated with 
movement within the tree itself (spatially orientated), or as movement in 
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time (time orientated), respectively, and related to identified misinter-
pretations. Further analysis showed that interpreting DeepTree evoked 
the epistemic affective responses of awe, curiosity, surprise, and confu-
sion (Paper IV). Affective responses were expressed in relation to five 
evolutionary conceptual themes, namely biological relationships, evolu-
tionary time, biological diversity, common descent, and biological struc-
ture or terminology.  
 The thesis findings have implications for teaching, visualization de-
sign and future research. Exposing students to various DET visualiza-
tions across the continuum could support DET teaching. Visual commu-
nication of temporal aspects should be carefully considered in DET visu-
alization design, especially when embedding different temporal aspects. 
Providing opportunities to combine visual and physical interaction 
through emerging visualization technologies can scaffold students’ DET 
understanding. Future work on relationships between affect, highly in-
teractive visualizations, and evolution concepts will provide further in-
sight for leveraging learning and teaching of DET. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords:  Deep evolutionary time, Visualization, Evolution,  
Science Education 
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Svensk sammanfattning 
Liv på jorden har utvecklats under väldiga tidsskalor, s.k. djup evolut-
ionär tid (DET), vilket betraktas som ett tröskelbegrepp inom biologi. 
Kunskap om, och känslomässiga upplevelser kopplade till DET möjlig-
gör för elever och andra att förstå evolutionen och att på ett välgrundat 
sätt kunna reflektera över sina handlingar mot bakgrund av männi-
skans, relativt sett, korta existens. Men undervisning om DET har visat 
sig vara utmanande. 
 DET kommuniceras vanligen genom olika typer av visualiseringar, 
från statiska två-dimensionella representationer, till animationer med 
viss interaktionsmöjlighet och vidare till touchbaserade användargräns-
snitt med hög interaktivitetsnivå. Givet den stora betydelsen av DET, inte 
bara inom biologi utan även till exempel för aktuella hållbarhetsfrågor, 
är forskning om visuell kommunikation av DET viktig. 
 I denna avhandling undersöks hur studenter tolkar olika typer av  
visualiserad DET längs en skala från icke-interaktiva statiska bilder till 
visualiseringar som erbjuder hög grad av interaktivitet. I avhandlingen 
undersöks hur studenter och elever tolkar visualiseringar av DET med 
avseende på olika tidsmässiga aspekter, kommunicerade evolutionära 
begrepp, grad av interaktivitet hos visualiseringen och i vad mån  
visualiseringen ger upphov till känslomässiga reaktioner. 
 Avhandlingen består av fyra delstudier som tillsammans baseras på 
ett flertal olika metoder. Totalt deltog 505 gymnasieelever, basårsstu-
denter vid universitet och universitetsstudenter. Data insamlades genom 
skrivna svar, webb-baserade enkäter, uppgiftsbaserade frågor och semi-
strukturerade intervjuer. Dataanalyserna var både av kvalitativ och 
kvantitativ karaktär. Vid analysen av studenters tolkningar av statiska 
två-dimensionella visualiseringar av DET utvecklades ett instrument för 
att mäta kunskap om visuellt kommunicerad DET. Resultatet av valide-
ringen indikerade en underliggande dimension som representerar kun-
skap om visuellt kommunicerad DET.  
 Ett steg bort längs skalan av ökande grad av interaktivitet återfinns en 
visualisering med begränsade möjligheter till interaktion, där studenters 
tolkningar av en animation rörande evolutionen av homininer studera-
des. I studien undersöktes hur fem olika aspekter av tid tolkades bero-
ende på hur tidsförloppet gestaltades, nämligen: händelser vid specifika 
tidpunkter, ordning, samtidighet, varaktigheten på tidsintervall samt 
jämförelse av olika tidsintervall.  
 Ytterligare ett steg längre bort på skalan av interaktivitet analyserades 
elevers tolkningar av en visualisering av DET i form av ett interaktivt tre-
dimensionellt släktträd. Interaktivitet i form av zoomning i trädet via 
hand- och fingerrörelser uppfattades på två sätt, dels som en rörelse i 
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trädet, dels som en rörelse i tiden. I studien framkom också felaktiga 
tolkningar. Analysen visade dessutom att trädet gav upphov till känslo-
mässiga reaktioner, främst de så kallade epistemiska känslomässiga re-
aktionerna förundran, förvåning, överraskning och förvirring. Dessa re-
aktioner uttrycktes i relation till fem evolutionära begrepp; biologiskt 
släktskap, evolutionär tid, biologisk mångfald, gemensamt ursprung 
samt biologisk struktur och terminologi. 
 Avhandlingens resultat har implikationer för undervisning, design av 
visualiseringar och framtida forskning. Genom att i undervisning er-
bjuda elever och studenter visualisering med varierande interaktions-
möjligheter kan kommunikation om DET stärkas. Vid utnyttjande av  
visualiseringar bör den visuella kommunikationen av olika tidsaspekter 
av DET övervägas noggrant. Framtida forskning om sambanden mellan 
känslomässiga reaktioner, visualiseringar med hög grad av interaktions-
möjligheter och evolutionära begrepp kan bidra till ytterligare insikter 
för att stärka undervisning om DET. 
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Populärvetenskaplig sammanfattning på svenska 
 

Introduktion 
Kunskap om de tidsrymder som evolutionen omfattar är av stor betydelse 
inom många ämnesområden och ger även ett viktigt perspektiv på den in-
verkan som vi människor har på jorden. Av den anledningen är det också 
viktigt hur dessa tidsrymder kommuniceras i undervisning. 
 Den här avhandling handlar om hur studenter och elever tolkar visu-
aliseringar av de väldiga tidsrymder som evolutionen omfattar och som 
har lett fram till den enorma variation av livsformer som omger oss.  
 I fyra delstudier har jag på olika sätt undersökt hur studenter och ele-
ver löser problem och svarar på frågor med stöd av visualiseringar som 
kommunicerar det som i engelsk litteratur kallas “Deep time”, det vill 
säga, tidsrymder som omfattar tidsskalor långt bortom det som är möj-
ligt att personligen erfara under en mänsklig livstid. I min översättning 
kallar jag det ”djup tid”, och den del av djup tid som jag speciellt har in-
tresserat mig för - den tid som liv har existerat - benämner jag ”djup evo-
lutionär tid” (DET). 
 Jag ger här en översikt över mitt arbete där jag inleder med bakgrund 
och motivation till forskningen, för att därefter presentera de huvudsak-
liga resultaten från delstudierna, följt av slutsatser och implikationer. 
 DET är grundläggande för undervisning i biologi eftersom evolutions-
teorin har en central position inom ämnet och utgör den vetenskapliga 
grunden för att förklara livets framväxt under tidsskalor som omfattar 
upp till cirka 3,7 miljarder år. Förståelse av DET krävs för att elever ska 
kunna bilda sig en uppfattning om evolutionens historia och livets ge-
mensamma ursprung. DET utgör också en central faktor i de processer 
som leder till biologisk evolution. 
 När det gäller undervisning om evolution har tidigare forskning visat 
att förståelse av storleksordning på tidsskalor och förmåga att gå mellan 
olika skalor är utmanande för elever och studenter. Även kännedom om, 
och förmågan att jämföra tidsintervall är problematiska, liksom känne-
dom om den evolutionära historien överlag.  
 Bortsett från den centrala betydelsen av kunskap och förståelse av 
DET inom naturvetenskaplig utbildning ger denna kunskap också ett un-
derlag till reflektioner kring frågor rörande den egna existensen, och följ-
derna av egna handlingar, i förhållande till de kolossala tidsmässiga sam-
manhang som DET omfattar. Insikter i relationen mellan exempelvis  
livets historia och vår arts historia kan påverka elever och studenter både 
på ett känslomässigt och kognitivt sätt. 
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 För att kunna kommunicera dessa svårgripbara tidsrymder är det 
vanligt, både inom undervisning och forskning, att använda visuella re-
presentationer. Det finns ett flertal typer av visualiseringar som på olika 
sätt kommunicerar DET. De visualiseringar jag använt i min forskning 
kan betraktas på en skala som sträcker sig från icke-interaktiva visuali-
seringar (till exempel statiska tvådimensionella bilder), via visuali-
seringar med låg grad av möjligheter till interaktion (t.ex. animeringar 
som kan pausas och startas), till visualiseringar med hög grad av inter-
aktiva möjligheter (t.ex. “touchbaserade” interaktiva visuella gränssnitt). 
 
Syfte och mål 
DET är av central betydelse, inte bara som en historisk bakgrund, utan 
även i vår nutid och för vår framtid. Bland annat kan kunskap om DET 
ge värdefull information för att förstå samband mellan olika faktorer. Till 
exempel kan information från paleontologiska källor bidra till förståelse 
av hur förändrade koldioxidhalter i atmosfären kan påverka havsnivåer 
och orsaka förändringar i ekosystem både på land och till havs. Av den 
anledningen finns det ett stort behov av systematisk didaktisk forskning 
om elevers tolkning av visuellt kommunicerad DET.  
 Syftet med denna avhandling är att bidra med naturvetenskaplig di-
daktisk kunskap genom att utforska studenters och elevers tolkningar av 
olika former av visualisering som kommunicerar DET. Forskningens spe-
cifika mål är att bidra med ny kunskap om hur studenter tolkar visuali-
seringar av DET i termer av olika tidsaspekter, evolutionära begrepp, 
grad av interaktivitet som visualiseringen möjliggör och slutligen, de  
affektiva reaktioner som interaktiva visualiseringar kan ge upphov till. 
 
Metod 
För att nå avhandlingens mål har jag genomfört fyra empiriska studier 
som är publicerade i internationella vetenskapliga tidskrifter. Studierna 
är av undersökande och beskrivande karaktär. Ett flertal metoder har ut-
nyttjats i en kombination av olika forskningsdesigner. Totalt har 505 
gymnasieelever, basårsstudenter och universitetsstudenter deltagit i 
forskningen. Data samlades in i form av skriftliga och webb-baserade 
frågeformulär, uppgiftsbaserade frågor och problem, samt semistruktu-
rerade intervjuer. Dataanalyserna var både av kvalitativ och kvantitativ 
karaktär, och innefattade olika faser av både deduktiva som induktiva 
tillvägagångssätt. 
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Sammanfattning av delstudiernas resultat 
Delstudie 1: Utveckling och validering av testinstrument 
Denna delstudie beskriver utvecklingen av ett instrument (DET-Vis) för 
att mäta kunskap om visuellt kommunicerad djup evolutionär tid. Analys 
av studenters tolkning av icke-interaktiva statiska två-dimensionella  
visualiseringar av DET, exempelvis fylogenetiska diagram, ledde fram till 
ett tillförlitligt diagnostiskt instrument bestående av 10 flervalsfrågor. 
Analysen visade på en enda underliggande faktor, vilket stöder tolk-
ningen av en underliggande dimension som representerar kunskap om 
den visuella kommunikationen av DET. En närmare undersökning av 
svaren på de individuella visuella frågorna tyder på att de kräver en kom-
bination av både procedurkunskap (”kunskap hur”) och deklarativ kun-
skap (”kunskap om”) för att tolka och förstå den visuella representat-
ionen av DET. 
 
Delstudie 2: Studenters tolkning av animerad djup  
evolutionär tid 
 

I delstudie två undersöktes olika varianter av en dynamisk visualisering 
av DET med en viss grad av interaktivitet. Här visade analysen av elever-
nas tolkning av en animation som kommunicerade evolutionen av vår 
arts närmsta släktingar (homininer) att tolkningen och förståelsen av 
händelse- och tidsförloppet var beroende av hur tid framställdes i ani-
mationen. Förståelse av fem tidsaspekter undersöktes: händelser vid 
specifika tidpunkter, relativ ordning, samtidiga händelser, samt längd på 
och jämförelse av tidsintervall. I delstudien ingick fyra animationer som 
skiljde sig åt enbart i hur de animerade tidslinjerna visades och i hur det 
animerade tidsförloppet gestaltades. Bland annat visade resultaten att 
det är mer utmanande att förstå samtidiga händelser när animeringshas-
tigheten är hög jämfört med när den är låg och att jämförelser av tidsin-
tervall var krävande, speciellt då den animerade tiden varierade under 
det animerade händelseförloppet. 
 
Delstudie 3: Studenters tolkning av ett interaktivt släktträd 
 

Ytterligare ett steg på skalan av interaktiva möjligheter togs i nästa 
delstudie där jag undersökte elevers tolkning av DET när de interagerade 
med en dynamisk ”touchbaserad” visualisering av ett fylogenetiskt träd 
(DeepTree). Analysen visade att de fingerbaserade zoomfunktionerna i 
den interaktiva visualiseringen tolkades på två huvudsakliga sätt: som en 
fysisk förflyttning i själva trädet (rumsligt orienterat) eller som en rörelse 
i tid (tids-orienterat). I delstudien identifierade jag också feltolkningar, 
såsom att anta att det finns en sammanhängande tidslinje längs trädets 
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"y-axel", att tiden det tar att zooma i det virtuella trädet står i direkt re-
lation till den verkliga evolutionära tiden som passeras i trädet samt an-
tagandet att ett större antal förgreningar mellan två punkter motsvarar 
en längre tidsperiod än om det är få förgreningar. Sådana feltolkningar 
kan förklaras av att eleverna tillämpade vardagliga sensoriska erfaren-
heter när de tolkade tidsaspekter i visualiseringen.  
 
Delstudie 4: Elevers affektiva reaktioner på visualiserad djup tid 
 

Ytterligare analys av elevers interaktioner med den tidigare nämnda  
visualiseringen av DET med hög interaktivitet visade att tolkning av 
DeepTree ledde till de affektiva reaktionerna förundran, nyfikenhet, 
överraskning och förvirring varav förundran och förvåning var mest van-
ligt förekommande. Att uppleva förundran var dessutom ofta den första 
affektiva reaktionen som uppstod när eleverna exponerades för visuali-
seringen. De affektiva reaktionerna var relaterade till fem evolutionära 
begreppsliga teman: biologiskt släktskap, evolutionär tid, biologisk 
mångfald, gemensam härkomst och biologisk struktur eller terminologi. 
Majoriteten av de affektiva reaktionerna var kopplade till släktskap och 
evolutionär tid. 
  
Övergripande resultat och implikationer 
Avhandlingens resultat ger upphov till flera tänkbara implikationer för 
undervisning, design och framtida forskning om visuellt kommunicerad 
DET. 
 Undervisningen om DET på gymnasie- och grundläggande universi-
tetsnivå kan stärkas genom att elever erbjuds möjligheter att möta olika, 
för ändamålet väl anpassade, former av visualiserad DET med varie-
rande grad av interaktivitet. 
 Kommunikationen av olika tidsaspekter bör medvetet övervägas vid 
utformningen av visualiseringar som kommunicerar DET. Detta är sär-
skilt viktigt i de fall där studenter förväntas jämföra olika tidsintervall.  
 En kombination av de möjligheter som visualisering och den kropps-
liga interaktionen som moderna interaktiva visualiseringstekniker (t.ex. 
touchinterface) erbjuder kan stödja elevernas förståelse för DET.  
 Baserat på resultaten av denna avhandling skulle framtida  
forskning kunna fokusera på att undersöka i vilken grad procedur- 
kunskap (”kunskap hur”) respektive deklarativ kunskap (”kunskap om”) 
inverkar på tolkningen av visuellt kommunicerad DET. Dessutom skulle 
framtida forskning kunna fördjupa kunskapen om samband mellan  
affekt, visualisering med hög interaktivitet och begrepp som är relevanta 
och viktiga inom undervisning om evolution. 
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1. Introduction 
The world we live in is changing faster than ever before by human activ-
ity. Biodiversity loss (Barnosky et al. 2011; Ceballos et al. 2015) and the 
concentration of carbon in the atmosphere are examples of anthropo-
genic influence on a large scale. This has led to the decision to include 
the Anthropocene epoch in the geological time scale once researchers 
have agreed upon a distinct and representative sign on a global scale in 
the geological record (Subramanian 2019). Despite the very short time 
(in a geological perspective), the significant impact of humankind on 
Earth has enticed calls for informed reflection, not only regarding the 
deep past but also about the future. The distant past is implicitly present 
in our everyday life since modern civilization is largely based on  
resources such as fossil fuels and biodiversity that slowly accumulated 
during long periods in the distant past leading up to present time. But 
the exploitation of these resources has consequences for the future in 
terms of climate change and loss of biodiversity. With regard to Earth’s 
limited resources in relation to the impact of humankind given the  
limited time humans have existed, Stephen Jay Gould (in Botkin 2000, 
100-111) penned: 

Human culture and scientific invention represent the most potent 
force — in terms of potential for change at unexampled rapidity 
— ever unleashed upon the planet. Biological evolution, at its most 
rapid conceivable rate, cannot possibly achieve even one percent 
of the potential speed of human cultural change. … So long as hu-
man culture endures, the Earth will face the unprecedented power 
of a force for change that, in a mere 10,000 years — an effectively 
immeasurable moment in planetary time — has transformed the 
surface of this planet by agriculture, urban design, and the tech-
nologies of thousands of inventions from gunpowder to the mari-
ner’s compass, in a manner so rapid, and to an extent so unprec-
edented, that the magnitude of difference from previous patterns 
can only inspire astonishment. … But we may also use our mental 
and moral might to win the greatest evolutionary prize of all: per-
sistence into earthly time. The novel forces that make the small scale 
of our human moment so relevant for the first time in our planet’s 
history represent both our greatest danger and our finest hope. 

Against this backdrop the role of science education is of paramount  
importance. Although teaching and learning science is vital, students  
engaged in science education face many challenges, not least in under-
standing abstract and imperceptible concepts that are embedded in 
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various scientific disciplines. Some of these challenges, such as the cen-
tral notion of scales, are shared by several sciences. For instance, an un-
derstanding of very large differences in time scales is crucial in astro-
physics (e.g., Brock, Prather, and Impey 2018), the geosciences (Dodick 
and Orion 2006) in evolutionary biology (e.g., Catley 2006) as well as 
disciplines related to environmental issues and sustainability (Bjornerud 
2018; National Research Council (U.S.) 2011). In addressing these chal-
lenges for students engaged in science education, visualizations are cru-
cial communicative tools. 
 Visualizations are essential for communicating complex and abstract 
scientific concepts and serve as pivotal educational tools for teaching and 
learning science (Phillips, Norris, and Macnab 2010). However,  
visualizations are not only associated with pedagogical promise, but can 
sometimes induce difficulties. For instance, interpreting a visual repre-
sentation requires a certain amount of representational knowledge to  
decode the communicated content in the intended way. For this reason, 
probing, identifying, and diagnosing students’ interpretations of visually 
communicated concepts such as those involving very large temporal 
scales is important and further knowledge in this research field is 
needed. Another associated topic which still is an under-researched area, 
is how affective responses associated with visualizations influence learn-
ing experiences (Matthews 2015; Fortus 2014). In an evolution context, 
Darwin himself acknowledged the importance of affective responses and 
even published a book on this topic (Darwin 1872).  
 Visualizations of various types are frequently used in biology educa-
tion, from static two-dimensional scientific visualisations of internal  
organs to dynamic three-dimensional representations of phylogenetic 
trees. Since biology is a discipline that encompasses vastly different spa-
tial and temporal scales ranging from subcellular structures to the bio-
sphere and unimaginably vast timescales, visual representations are em-
ployed to support students’ learning about abstract and otherwise imper-
ceptible structures and processes. On this note, new emerging technolo-
gies provide novel opportunities for teaching and learning with visuali-
zations, but they often come with additional requirements with regard to 
required representational competence.  
 Evolutionary theory forms the basis for biology (Dobzhansky 1973) 
but research has shown that understanding, and sometimes even accept-
ing, the scientific basis for evolution has proved to be very challenging  
(Smith 2010a; 2010b). One of the obstacles for understanding and ac-
cepting the theory of evolution is understanding the vast time periods 
involved (Catley and Novick 2009; Dodick 2007). One way of communi-
cating such immense time spans is to employ visualizations such as 
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various types of timelines, phylogenetic trees, stratigraphic sections and 
adaptive landscapes (Serrelli 2015).  
 “What is deep time and why should anyone care?” is a rhetorical 
question that Zen (2001) poses. The author answers that knowledge 
about deep time is required to delineate the limits of exploitation of 
Earth’s resources and to form a basis for debates regarding the validity 
of scientific deduction. In this thesis, the somewhat less clearly defined 
notion of deep time (McPhee 1982) within the geosciences is delineated 
by the age of the Earth, approximately 4,55 billion years (By) (Patterson 
1956). The notion of deep evolutionary time (DET) is demarcated by con-
tent associated with evolutionary processes and by the time living organ-
isms have existed, approximately 3,7 Bya (Pearce et al. 2018). 
 Understanding DET is important for several reasons and is not solely 
a fundamental principle of biology but also provides important perspec-
tives for individuals. For example, from a personal point of view, 
knowledge about evolution is crucial for understanding our own long  
history, and to be able to formulate informed opinions about important 
and urgent contemporary problems, such as loss of biological diversity, 
depletion of various finite resources and climate change. For example, 
paleoclimatic information can reveal how past climate changes have  
affected sea levels, hydrological conditions, distribution of ice sheets and 
ecosystem resilience (National Research Council (U.S.) 2011). This infor-
mation can contribute knowledge regarding how climate changes are  
associated with variations in carbon dioxide levels. Also, how these vari-
ations are related to ecological tipping points, that is, non-linear and  
abrupt changes in equilibrium states (e.g., for example ice sheet stabil-
ity). Thus, understanding the history of life provides valuable infor-
mation for the future since it constitutes a record of past environmental 
changes and corresponding changes in life forms. 
 Conceiving deep time is not only important in issues regarding  
sustainability, it is a fundamental tenet of evolutionary theory which was 
repeatedly emphasized by Darwin (1859). In turn, evolutionary theory 
serves as the underlaying basis for biology in general (Dobzhansky 1973). 
Furthermore, realisation of the vast time spans covered by deep time, 
does not only provide science with a vast temporal canvas to theorise 
upon but also positions the existence of humankind in a much larger 
temporal context which also influences personal worldviews and inter-
ests (see e.g., Hansson 2014). 
 Since DET is divorced from everyday human experience it is fre-
quently visually expressed and communicated metaphorically through 
various tree diagrams and timelines. Other types of metaphors are some-
times used, for example, John McPhee (1982) formulated the embodied 
metaphor of an outstretched arm onto which the time span of human 
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history was mapped in relation to Earth’s history: “Consider the earth's 
history as the old measure of the English yard, the distance from the 
king's nose to the tip of his outstretched hand. One stroke of a nail file 
on his middle finger erases human history”. 
 Even though metaphors like phylogenetic trees can be useful for com-
municating DET, prior research shows that such diagrams also are asso-
ciated with several challenges and misconceptions (e.g., Gregory 2008; 
Meir et al. 2007). Furthermore, much research has shown that 
knowledge about DET is generally coarse-grained (e.g., Trend 1998; 
2001b; 2001a) and that it is a challenging topic for students, both in 
terms of a historical record as well as the necessity to interpret complex 
scales of magnitudes (Cheek 2010; 2012; Clary, Brzuszek, and Wander-
see 2009). 
 Emerging interactive technologies provide novel avenues for learning 
about DET, but along with these opportunities for enhanced learning, 
students also face new challenges in interpreting dynamic visual inter-
faces, which might induce new interpretations. In contrast to static, non-
interactive visualizations of DET, other visual forms that offer various 
degrees of interactivity have been much less investigated. This thesis  
collectively considers students’ interpretation of various forms of DET 
visualizations across a continuum of interactivity. On one end of the con-
tinuum, are students' interpretation of static, two-dimensional, non-in-
teractive visualizations. Further along the continuum are students' inter-
pretation of visualizations such as interactive animations, visualizations 
offering some degree of interactive opportunities. At the other end of the 
continuum are students' interpretation of touch-based interactive visual 
interfaces, visualizations with a high degree of interactive opportunities. 

Aim and research questions 
This thesis explores the visual communication of deep evolutionary time 
(DET). In particular, the research focuses on students' interpretation of 
different forms of visualizations that communicate DET. The work aims 
to contribute new knowledge on how visualization can support under-
standing, teaching, learning, and communication of DET in science edu-
cation. Specifically, the thesis raises the following research questions. 
How do students interpret visualizations of deep evolutionary time 
(DET) in terms of: 

i. associated temporal aspects? 
ii. communicated evolutionary concepts? 

iii. degree of interactivity? 
iv. generated affective responses? 
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Structure of the thesis 
The initial part of this thesis is a comprehensive summary (“kappa”) of 
the four included scientific research papers followed by appendices and 
the four research papers. The kappa is structured as follows: 
 First, the introduction and aims chapter commences with positioning 
the thesis in a science education context with examples of the necessity 
of understanding deep time in various disciplines. It continues more 
specifically with issues regarding DET in teaching and learning about 
biology, and evolution in particular. Then the importance of, and chal-
lenges with, the notion of DET are presented. In parallel, the introduc-
tion chapter illuminates the use of visual representations to communi-
cate aspects of DET. Chapter one ends with the aim and overarching re-
search questions, and the structure of the thesis.  
 The second chapter presents the theoretical framework of the 
thesis in five parts. The first part of the chapter is about evolution and 
evolutionary theory including definitions, the history of ideas, and 
the importance of deep time in evolution. The second part describes 
DET, including the nature of time, how it is conceptualised, the history 
of ideas, the importance of long time in evolution and how deep time 
has been visualized as the knowledge about the age of the earth has 
accumulated. The third part provides a perspective about different 
visual representations of DET, phylogenetic trees, and how students 
understand time in relation to visualizations. The fourth part of the 
chapter presents various aspects of visually communicated DET in 
science education, and the fifth part is about affective responses in 
science education. 
 The third chapter reviews the related literature in the form of a com-
pilation of different theoretical lenses for considering students’ 
interpretation of DET. Firstly, research literature regarding visual 
representations in teaching and learning about DET is presented; 
secondly, how knowledge about DET can be measured; thirdly, 
examples of common challenges in biology education that have been 
identified including interpreting phylogenetic trees and teaching and 
learning about deep time; and finally, the role of affective responses 
in relation to conceptual themes in evolution and interactive 
visualizations. 
 The methodology employed in the thesis is presented in the fourth 
chapter. It commences with a brief description of the visualizations and 
the test instrument development. A collective account of the study con-
texts, data collection, and data analyses are then provided. This is 
followed by ethical considerations and considering aspects of 
reliability and validity. The chapter concludes with considering the 
limitations of the studies. 
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 In the fifth chapter, the research findings are presented in a  
continuum of increasing degree of interactive opportunities among the 
visualizations employed in the various papers moving from non-inter-
active, static two-dimensional images to animations with a low degree of 
interactive opportunities, and further to a visualization with a high de-
gree of interactive opportunities incorporating a touch-based interactive 
visual interface. 
 In chapter six, the findings of the thesis are discussed in light of the 
four overarching research questions and related literature.  
 The seventh and final chapter presents the overall contribution of the 
thesis in combination with implications for teaching practice, visualiza-
tion design and future research. 
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2. Theoretical framework 
In this chapter I account for the theoretical underpinnings of this thesis 
by presenting a compilation of five complementary subject areas namely: 
evolutionary theory, the discovery and conceptualization of deep time, 
visualizations of deep time, visualizations in teaching and learning about 
DET and eventually affective responses in science and science education. 

Evolution and evolution theory 

Definitions  
Numerous definitions for the concept of evolution have been proposed 
with slight variations. Definition scope varies from very limited such as 
that formulated by Curtis and Barnes (1989, 974), which only includes 
essential short-term processes and states that evolution is “any change 
in the frequency of alleles within a gene pool from one generation to the 
next.”, to temporally far reaching definitions such as the one formulated 
by Lawrence (2011, 190). Here, evolution is defined as “the development 
of new types of living organisms from pre-existing types by the accu-
mulation of genetic differences over long periods of time”, which explic-
itly express the centrality of long time spans in evolution.  
 

Historical background to the development  
of evolutionary theory 
This section is intended to be read in conjunction with interpreting  
Figure 1, which illustrates a timetable with principal persons and publi-
cations in the development of theories regarding biological evolution. 
 The first proponent of evolution within a scientific institution was 
Jean Baptiste de Lamarck (1744–1829) (Sloan 2019). Lamarck’s theory 
of evolution was published in 1809 in Philosophie Zoologique (Zoologi-
cal Philosophy) and based on transformation of species due to the inher-
itance of acquired characters. It represents the first coherent theory of 
biological evolution. The notion of inherited acquired characters as driv-
ers of evolutionary change would later become known as Lamarck’s 
“transformism” and proven erroneous. The same year as Lamarck pub-
lished his theory, Charles Darwin was born. In 1831 Darwin embarked 
on a voyage that would circumnavigate the Earth and once again reach 
England almost five years later in 1836. During this voyage, Darwin be-
came convinced that evolution had occurred based on his observations 
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including fossils and biogeography (Baum and Smith 2012). Nevertheless, 
he still lacked a mechanism to account for evolution. During the voyage 
he received a copy of Charles Lyell’s book “Principles of Geology” (Lyell 
and Deshayes 1830), which suggested a much older age of the Earth than 
prevailing beliefs at the time. This experience reinforced Darwin’s obser-
vations supporting the idea of a biological evolution. According to Dar-
win’s autobiography (Darwin and Darwin 1887) the solution to the prob-
lem of mechanism struck him while reading the economist Thomas Mal-
thus’s (1766–1834) works on populations, “An Essay on the Principle of 
Population” written in 1798. This work stated that populations tend to 
expand in a geometric manner whereas food production tended to in-
crease in an arithmetic way, implying competition for limited resources 
favouring the most competitive individuals. Darwin realised that this no-
tion could be applied to evolution, and captured this insight in his auto-
biography (Darwin and Darwin 1887, 40), “Here, then, I had at last got 
a theory by which to work.” 
 Charles Darwin continued to consolidate his ideas and provided fur-
ther information to validate his theory, for example by experimenting 
with domestication as a model for evolution, a topic that has been ex-
panded by later research (e.g., see Jensen 2006). Darwin did not publish 
his findings until he was notified that another researcher, Alfred Russel 
Wallace (1823–1913) had formulated ideas based on research in the Am-
azon River basin and the Malay Archipelago, that coincided with Dar-
win’s regarding biological evolution. A joint article by the two research-
ers was published in the Proceedings of the Linnean Society in 1858 and 
one year later Darwin published “On the origin of species” (Darwin 
1859). 
 Darwin had no knowledge about genetic inheritance and only six 
years later the botanist, teacher, and Augustinian prelate Gregor Mendel 
(1822–1884) presented the foundational ideas of inheritance to the Nat-
ural Society in Brünn. His paper on this topic (Mendel 1866), “Experi-
ments on Plant Hybrids” was published in the society’s journal. How-
ever, Mendel’s ground-breaking discoveries did not attract much scien-
tific attention until they were rediscovered in 1900 by three independent 
researchers. 
 New aspects of population genetics developed between 1918 and 1932 
contributed to the development of the theory of evolution confirming 
that Mendelian genetics is compatible with natural selection and gradual 
evolution (Stoltzfus and Cable 2014). Findings during the late 1930s un-
til 1947 from various biological domains such as genetics, cytology, ecol-
ogy and paleobiology were compiled in what came to be called “the mod-
ern evolutionary synthesis”, a term coined by Julian Huxley (1942), a  
position that is still generally accepted.  
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 More recent research has provided much additional information, es-
pecially due to progress in molecular biology and genetics such as the 
discovery of PCR-technology, which has provided the basis for the 
HUGO-project and enabled scientists to determine DNA-sequences and 
even genomes from extinct organisms such as H. neanderthalensis 
(Pääbo 2015).  

 
Figure 1. Timelines showing principal contributors’ lifespans (blue horizontal lines) in 
the development of theories relating to biological evolution, the time of seminal publi-
cations and the periods during which population biology and the modern synthesis 
were developed (orange horizontal lines). 

Ernst Mayr (1982) formulated the fundamental tenets of adaptive evolu-
tion by compiling key facts and inferences that provided the basis for the 
theory of evolution which were summarised by Smith (2010a) as follows: 
The first fact states that all populations have the potential to grow at an 
exponential rate. The second fact asserts that most populations, once a 
certain size is reached, remain rather stable over time and the third fact 
states that natural resources are limited. These three facts lead to the in-
ference that not all offspring survive to reproductive age, partly because 
of competition for resources. The fourth fact states that individuals in a 
population vary in many characteristics. The fifth fact states that many 
characteristics are inherited. Facts four and five lead to the inference that 
survival is not random; individuals with advantageous characteristics 
compared to others in their particular environment, will survive to re-
produce, at least to a higher degree, whereas others will not, or to a lesser 
degree. Facts four and five lead to a third inference, that populations 
change over time as the frequency of advantageous alleles increase and 
these can accumulate over time resulting in speciation. The validity and 
robustness of these facts and inferences have been corroborated by mul-
tiple scientific contributions from palaeontology, embryology, compara-
tive anatomy, biogeography, geology, cytology and molecular biology. 
Evolution also proceeds by means of genetic drift, that is, random 
changes in gene frequency in small isolated populations owing to factors 
other than natural selection such as sampling of gametes in each 
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generation (Lawrence 2011). I will not elaborate further on genetic drift 
in this thesis although it should be considered a contributing factor in 
the evolution of life. 

Importance of deep time in macroevolution 
The fundamental importance of long time spans was already formulated 
on several occasions in “The origin of the species”. For example, Darwin 
compellingly states that anyone who could not “admit how vast have 
been the past periods of time, may at once close this volume” (Darwin 
1859, 282). In a second part of the publication, on page 287, he empha-
sizes the importance of the temporal aspect of evolution and stresses that 
“it is highly important for us to gain some notion, however imperfect, 
of the lapse of years”. In a third instance on page 481 he acknowledged 
the notion of deep time as fundamental, but also problematic for under-
standing and accepting his theory:  
 

…the chief cause of our natural unwillingness to admit that one 
species has given birth to other and distinct species, is that we 
are always slow in admitting any great change of which we do 
not see the steps ...The mind cannot possibly grasp the full mean-
ing of the term of a hundred million years: it cannot add up and 
perceive the full effects of many slight variations, accumulated 
during an almost infinite number of generations… 

Darwin knew that his theory required an immensely ancient age of the 
Earth but was opposed by the influential and authoritative William 
Thomson (Lord Kelvin). Despite support from many geologists and the 
overwhelming evidence provided by several sources, the time required 
for life to have evolve to its current state remained an obstacle to the  
theory of evolution throughout Darwin’s life. It would take more than 
twenty years before Geikie (1893) was able to provide convincing evi-
dence that there were flaws in Thomson’s calculations (Bennett 2013). 
 Long term macroevolutionary events such as the diversification of 
mammal species, genera and families requires millions of years. There 
are several reasons this type of macroevolution by means of natural se-
lection requires immense time spans. First, evolutionary change oper-
ates between generations which constitute “iterations” of evolution. Sec-
ond, the probability of a rare mutation (in combination with population 
size) occurring might require many generations. Third, the spread and 
fixation of that mutation also requires additional generations. Depend-
ing on the probability of the mutation occurring, the generation time and 
the population size, this might take a very long time (Hoekstra, Krenz, 
and Nachman 2005; Carroll 2006). Moreover, a vital process is cumula-
tive evolution, that is, evolution that proceeds in a stepwise manner 
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resulting in organs and/or processes with successively improved fitness, 
for example the evolution of eyes (Dawkins 2006; Nilsson and Pelger 
1994).  

The discovery and conceptualisation of deep time 

Defining time  
What is time? Are we immersed in time or are we spectators of time? Is 
there a direction of time? Boyd-Davis (2013) asks. The Icelandic poet 
Steinn Steinarr illustrates time as water in his poem “Tíminn og vatnið”: 
 

Time is like the water,  
and the water is cold and deep  
like my own consciousness. 

Time has always been an elusive concept for humankind. This is well ex-
pressed by St. Augustine, bishop of Hippo in his autobiography “Confes-
sions in Thirteen Books” during the fourth century in which he asks him-
self: “What then, is time? I know well enough what it is, provided that 
no one asks me; but if I am asked what it is and try to explain, I am 
baffled”. 
 It might seem paradoxical that time can be accurately measured but 
not unambiguously and clearly defined. Still, time has been measured  
for long relative to cycles of events that are regularly recurrent such as 
the cycle of the sun, the cycles of seasons or the motion of pendulums 
(Lakoff and Johnson 1999). A more exact unit of time measurement was 
adopted by the International System of Units (SI) in 1967, where one sec-
ond is defined as ‘‘the duration of 9,192631770 periods of radiation cor-
responding to the transition between two hyperfine levels of the ground 
state of the cesium-133 atom’’. 
 The notion of time has also changed over time even within physics. 
Newton claimed that “absolute, true, and mathematical time, in and of 
itself and of its own nature, without reference to anything external, 
flows uniformly”. In this view, time is seen as a separate entity that exists 
apart from the events occupying it. The notion of time in relativity theory 
and quantum mechanics do not adhere to Newton’s definition and are 
also internally different, which illuminates the elusiveness of time. 
 From a psychological point of view, other, more subjective aspects of 
time are relevant. Classical literature reveals that two words were used 
for time in ancient Greek, chronos and kairos. Chronos expresses the 
conception of time as measure, that is, the quantity of a temporal inter-
val, the length of an iteration, or the age of an object. Chronos is essential 
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in constructing chronologies and is mostly related to the physical sci-
ences. Kairos refers to a qualitative character of time, that is, a particular 
time which corresponds to the only time when something can happen 
which could not happen any other time. Kairos refers to the “right” time 
when a particular combination of circumstances give rise to a unique 
outcome (Smith 1969). For this reason, kairos is especially relevant to 
historical sciences but both notions of time play complementary roles in 
accounts of human history as well as evolutionary history. 
 The relevant unit of time in evolution is generation time since evolu-
tionary change occurs between generations. Generation time can differ 
very much. For example, the eastern meadow vole (Microtus pennsyl-
vanicus) has a generation time of 129 days (approximately 4 months) 
whereas the Bowhead whale (Balaena mysticetus) has a generation time 
of 19361 days (approximately 53 years) (Pacifici et al. 2013). This implies 
that the time for evolutionary change should be longer in the case of 
whales compared to rodents. 
 Time can be expressed as “absolute time” in a chronometric way, 
which means in terms of numerical ages (e.g., millions and billions of 
years). This is usually achieved through radiometric dating methods in 
the context of DET, and as “relative time” which refers to a way of de-
scribing the sequence of events in terms of temporal relationships in 
terms of before, after or concurrent. 

Extending the Earth’s time horizon 
Predictions of the age of the Earth and the universe have varied during 
history as well as between cultures and religions. For example, the tradi-
tional cosmology of India expressed in the four Vedas describes our 
world as an endless series of creations and destructions (Fraser 1987). 
Among the Greek, Plato had indicated in Timaeus, that time itself came 
into existence at a certain moment whereas Aristotle argued that time 
was eternal and in a continuous steady-state (Toulmin and Goodfield 
1966). After the spread of Christianity, Judaism and Islam, these respec-
tive religious chronologies became pervasive, leaving fewer opportuni-
ties to express alternative views. An interesting alternative notion within 
the Islamic world, that predated some research 800 years later, was the 
empirically based insight about the Earth’s deep history, presented by 
the Persian polymath Ibn Sina, between 980 and 1037 (Toulmin and 
Goodfield 1966). Based on observations from the Amur Darya valley, he 
realised the necessity of vast time periods in rock formations and erosion 
of mountains, ideas that even eight centuries later would still be consid-
ered radical.  
 While reading the subsequent account of the historical background, 
the reader is encouraged to consult Figure 2 which visually depicts the 
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lifespan of central persons and seminal publications associated with his-
tory of ideas regarding the age of the Earth. 
 Ever since the medieval period until the late 19th century, religious 
beliefs in most of Europe set the premises for any claim about the age of 
the Earth. These premises stated that the Earth was 6000 years old, a 
notion based on the biblical description of a six-day creation in Genesis 
1:1 and Jesus’s statement in Peter 2:3 that “one day is with the Lord as 
a thousand years, and a thousand years as one day”. This idea was fur-
ther refined and presented by the Archbishop of Armagh, James Ussher 
(1581–1656) who systematically estimated the age of the Earth based on 
the chronology of the Bible. His findings showed that the Earth was ap-
proximately 6000 years old and created on Tuesday 23 October 4004 BC 
at 12 noon (Leddra 2010). Ussher published his results in the book “The 
annals of the world” (1650) which constitutes an appropriate starting 
point in the following brief overview of the historical development lead-
ing towards the current understanding of the age of the Earth. Ussher’s 
claim, which included Noah’s flood in 2300 BC, was challenged for ex-
ample by Chinese written history that extended further back in time 
without any mention of a corresponding global flooding event (Baxter 
2004).  
 An important step in the development of geology was conducted by 
Nicolaus Steno (1638–1686). In his publication “De Solido” (1669) he 
stated that rock layers are arranged in temporal order with the oldest 
layers at the bottom and the most recent on the top, provided that later 
processes had not disrupted the original sequence (Bek-Thomsen 2013). 
Steno’s observations marked a fundamental change in the interpretation 
of stratigraphies; they represented chronologies of changes (e.g., in dep-
osition and erosion) and not a static and fixed result of an instant crea-
tion. Such an interpretation entailed a dynamic Earth crust which had 
changed during vast amounts of time. According to Toulmin and 
Goodfield (1966) the reason that this did not cause a revolution in geo-
logical thought was that instead of accepting an extension to the time 
horizon, Steno adapted his interpretation to fit the prevailing framework 
of time by assuming that the forces forming the Earth’s crust had previ-
ously been much more forceful, thus requiring less time and possible to 
include during the prescribed 6000 years. 
 A notable challenge to Ussher’s estimates was presented in “Historie 
naturelle” by Georges-Louis Leclerc Comte de Buffon (1707–1788). He 
based his ideas on non-theological arguments and assumed that the 
Earth once had originated as a very hot celestial body. By measuring the 
cooling rate of metal bowls of different sizes and extrapolating the results 
to the size of the Earth he intended to mimic the cooling of the Earth 
since its formation. According to his calculations, the age of the Earth 
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was approximately 75 000 years (Toulmin and Goodfield 1966), that is, 
more than twelve times older than Ussher’s estimate. Buffon was soon 
forced to retract his ideas regarding the age of the Earth on theological 
grounds, but his contribution initiated a century during which evidence 
for a much older age of the Earth accumulated. 
 Even though religious beliefs constrained and in certain cases actively 
opposed important scientific contributions such as Buffon’s ideas about 
the age of the Earth, the interplay between science and religion was more 
nuanced (Rudwick 2005). For example, Ussher, the theologian, em-
ployed a very systematic methodological approach which was considered 
highly scientific in his time, whereas Newton, the contemporary scien-
tist, adapted his scientific findings to scripture (Toulmin and Goodfield 
1966). 
 An important contribution to the understanding of geology was then 
made by James Hutton (1726–1797). Hutton’s observations and inter-
pretations were based on Steno’s ideas. In his publication “Theory of the 
Earth”, Hutton claimed that the Earth was essentially eternal, which he 
famously expressed as “we find no vestige of a beginning, no prospect of 
an end.” (Hutton 1788, 304). He paved the way for a way of thinking 
about the vastness of time that was already beginning to be acknowl-
edged by several of his contemporaries (Rudwick 2005). Hutton’s col-
league, John Playfair, notoriously wrote about an experience he had 
while visiting Siccar Point on the Berwickshire coast in June 1778 to-
gether with Hutton. As they observed an unconformity between almost 
vertical layers of greywacke superimposed by horizontal layers of red 
sandstone, Playfair was struck by the immensity of time and the dyna-
mism that this implied. He envisioned the depositional time of the un-
derlaying greywacke in an ancient ocean, followed by a period of trans-
formation (which later research estimated to 65 My), and the subsequent 
formation of the horizontal layers of red sandstone formed in a terrestrial 
environment. Playfair later wrote “The mind seemed to grow giddy by 
looking so far into the abyss of time” (Playfair 1805, 73), a statement 
that has inspired the title of this thesis.  
 An influential researcher and author who followed in the footsteps of 
James Hutton was Charles Lyell (1797–1875), who published Principles 
of Geology (1830–1833) wherein he formulated several fundamental 
ideas. Perhaps his most significant idea was the concept of uniformitari-
anism, that is, the idea that the same kind of geological processes oper-
ating in the distant past are still operating today (Leddra 2010).  
 During the early 1900s Lord Kelvin estimated the age of the Earth to 
be between 20–40 My old based on the idea that heat was transferred 
from the Earth’s interior and from the sun. He was opposed by strong 
evidence provided by geologists and biologists but due to his status as an 
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influential scientist his estimates were still largely accepted in the scien-
tific community (Dodick and Orion 2003a; Leddra 2010). 
 Following the discovery of radioactivity in 1896 by Henri Becquerel 
and by Pierre and Marie Curie in 1898, new ways of estimating the age 
of the Earth became available which was exploited by geologists such as 
Arthur Holmes. This would resolve the issue and revolutionize the un-
derstanding of the age of the Earth. A milestone in this development was 
the publication of “The Age of the Earth” (Holmes 1913). In the first edi-
tion he estimated the oldest known rocks by the time to be 1,6 By old and 
later he successively updated his estimates of the age of the Earth. The 
current estimate of the age of the Earth was established by Clair 
Patterson (1956) who used uranium lead (U-Pb) dating of zircon crystals 
in meteorites and estimated the age of the Earth to be 4,55 By which still 
is the generally accepted age. These findings were of fundamental im-
portance since they created a much bigger canvas upon which research-
ers could theorize and provided time necessary for plate tectonics and 
evolution to occur. 

 
Figure 2. Timelines showing lifespans (blue horizontal lines) of central persons in 
the development of estimating the age of the Earth and the time of publication of 
their seminal publications. 

The chronology of the Earth – the geological time scale 
Time is manifested in rocks, but it is an incomplete record since such a 
manifestation requires depositional and formational conditions as well 
as circumstances for preservation.  
 Nowhere on Earth is the geological record complete, but it has been 
possible to construct a complete geological timetable by combining and 
correlating stratigraphies from various locations all over the world. This 
can be accomplished by using index fossils, organisms that were abun-
dant, widely distributed, occurring during a relatively limited geological 
time (rapidly evolving), and which are easy to identify (distinctive). 
 Another well known example of correlation is the use of the layer of 
clay which marks the boundary between the end of the Cretaceous and 
the onset of the Tertiary period (the K-Pg boundary). The boundary is 
defined by a mass-extinction event and is found in many places all over 
the world. It is possible to match different layers from these parts of the 
world using this boundary since organisms such as non-avian dinosaurs, 
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pterosaurs, and ammonites are found beneath the layer and never above, 
regardless of where this boundary is identified. In this way, the geological 
record is benchmarked, similar to how the K-Pg have enabled geologists 
from various parts of the world to combine data in order to construct the 
geological timetable1. The boundaries between different eons, eras and 
periods are based on major environmental and or biological changes pos-
sible to trace on a global scale. Examples are significant shifts in micro- 
and or macrofauna, mass extinction events and major shifts in climate 
regimes (National Research Council (U.S.) 2011) There is a present dis-
cussion regarding how a new epoch based on the impact of humans, the 
Anthropocene, should be defined (Subramanian 2019). 

Visualizing deep evolutionary time (DET) 
– a brief historical perspective
Visual methods to communicate ideas of deep time have long been used 
in the literature. For example, 1500–1200 B.C. images based on Scanda 
Purana (an ancient compilation of verses in Hinduism) were produced 
that reflect the traditional cosmology of India that described the world 
as never ending recurrent creations and destructions (Fraser 1987).  

Visual expressions of the earth’s age as approximately 6000 years old 
was predominant in Christianity into the 19th century and visually cap-
tured by Emma Willard in an image from 1846 called “The Temple of 
Time” (Figure 3). The visual shows the chronology of the Earth leading 
back to creation in 4004 BC as conceived by the time based on James 
Ussher’s calculations. The illustration also includes cultural dimensions 
such as statesmen, poets, and theologians. 

1https://www.geosoci-
ety.org/GSA/Education_Careers/Geologic_Time_Scale/GSA/timescale/ho
me.aspx) 
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Figure 3. The Earth chronology by Emma Willard from 1846 called “The Temple of 
Time”. Image source: David Rumsey Map Collection, David Rumsey Map Center, 
Stanford Libraries. Image is in the public domain. 

Alongside the development in the 18th and 19th centuries of a temporal 
understanding regarding the age of the Earth developed, was the emerg-
ing genre of art which today is called paleoart, an important contributor 
to understanding extinct organisms and ancient environments. Paleoart 
allowed scientists and laypersons to envision, visualize and communi-
cate previously existing species in context. The development of paleoart 
parallels the development in science and visually reflects the emergence 
of new findings (Manucci and Romano 2022). 
 In the context of historical accounts, a relevant problem is that more 
is known about the recent past compared with the more distant past. This 
fact tends to result in a temporally uneven distribution of events with 
more “event scarce or event-free” early periods and much more “event 
dense” periods during later parts of the timeline, which in turn can dis-
tort visual communication (Boyd-Davis, Bevan, and Kudikov 2013; Vít 
and Bláha 2012). This problem was reinforced in the late-19th century as 
the general accepted estimation of the age of the Earth was about to be 
immensely increased. The development of ways to visually communicate 
this time span was paralleled with a drastic change in the estimation of 
the duration itself, which became 750 000 times longer, less than a cen-
tury later.  
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 A key visualization and metaphor of evolution are evolutionary dia-
grams known as “Trees of Life”. The metaphor of a Tree of Life was used 
long before evolutionary theory in Christian and Judaic religion (Gontier 
2011). For example, this metaphor appears in the form of the Christian 
tree of knowledge and in the book of Exodus where God is manifested as 
a burning bush. Prior to Darwin’s visualization of a Tree of Life in “The 
origin of species” (1859), tree diagrams were depicted among other types 
of visualizations to communicate a classification grounded on affiliation 
(or affinities) (Morrison 2014). Since these diagrams were not based on 
genealogy, they lacked a temporal dimension. 
 In addition to tree diagrams, networks were extensively used to illus-
trate affiliations in the natural world, especially prior to the introduction 
of the first trees based on genealogy. Networks have, at least partly, ex-
perienced a renaissance since there are several examples of gene transfer 
between different lineages. Also, as Morrison (2014) claims, trees are es-
sentially a particular type of network. 
 The only visual illustration in Darwin’s “On the origin of species” was 
a tree of life. The metaphor was hardly novel at the time, but a funda-
mentally new aspect was that the relationships among the depicted or-
ganisms were based on genealogy, thus embedding a temporal dimen-
sion into the visual representation. This was a most revolutionary devel-
opment since the tree suddenly communicated a deep and dynamic past. 
A few trees which visually indicated genealogical relationships had pre-
viously been published (Archibald 2009) but these were not true genea-
logical trees since they were based on spiritual intercessions. In a sense 
this was similar to the change in perception and interpretation of the ge-
ological record once it was recognized as representing a chronology of 
deep time. 
 The Tree of Life is perhaps the most central metaphor of the evolution 
of life. The first visual communication of this tree structure is found in 
Darwin’s red notebook ‘B’ from 1837, shown in Figure 4A. It is the first 
known visualization of a genealogically based tree of life. As seen in Fig-
ure 4A, it seems like Darwin caught a moment of his reflection since the  
annotated text read: 
 

I think 
 
Case must be that one generation then should be as many living 
as now. To do this & to have many species in same genus (as 
is) requires extinction. 
 
Thus between A & B immense gap of relation. C & B the finest 
gradation, B & D rather greater distinction. Thus, genera would 
be formed. - bearing relation (page 36 ends - page 37 begins) to 
ancient types with several extinct forms… 
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Figure 4. Darwin's "I think" sketch penned in his red notebook ‘B’ from 1837 (A) and the 
tree that was communicated as the sole visual representation in the Origin of species 
(Darwin 1859) (B). 

The only illustration in “The origin of species” shown in Figure 4B, was 
an elaborated version of the tree he had illustrated in his notebook some 
22 years earlier. It contained a similar iconography as previous tree dia-
grams based on affiliations, but this version had a fundamentally differ-
ent foundation, embedding common descent and genealogy. Time was 
embedded in this tree diagram as the repeated horizontal strokes across 
the tree which Darwin (1859, 117) explains as follows: 
 

The intervals between the horizontal lines in the diagram, may 
represent each a thousand generations; but it would have been 
better if each had represented ten thousand generations. After a 
thousand generations, species (A) is supposed to have produced 
two fairly well-marked varieties, namely a1 and m1. 

Among all the metaphors Darwin used, his tree of life is probably the 
most influential of all. It is a striking way to communicate several im-
portant evolutionary concepts - common ancestry is indicated by the uni-
fying stem, biological diversity is implied by the rich branching pattern, 
biological relationships are revealed by the succession of bifurcations of 
branches representing the last common ancestor, and the passage of 
time is portrayed leading from the root up to recent time (Gontier 2011).  
 After Darwin’s publication of the Origin of species (1859) a plethora 
of genealogically based trees were published (Morrison 2014). A multi-
tude of trees have since been employed within life sciences to communi-
cate the relationships between various taxa as well as relationships be-
tween genes and genomes (O’Malley and Koonin 2011).  
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 The way Darwin used tree diagrams as analytical tools to formulate 
testable hypotheses as well as an efficient way to communicate these 
ideas (as per Figure 4) are the main reasons why tree diagrams still are 
so extensively used as visual communicators of evolutionary phenom-
ena. 

Visualizations of deep time 
The term visualization is associated with multiple definitions, ranging 
from internal mental schema (internal representations) to external phys-
ical artefacts (external representations) such as diagrams or tangible 
models. The term can also be used as a verb, to describe the cognitive 
and meaning-making processes associated with interpreting visual infor-
mation. Phillips, Norris, and Macnab (2010) list 28 definitions of the 
term visualization in the literature between 1974 to 2009. 
 Visualizations are essential and often indispensable communication 
tools in science as well as in science education. They enable the transfor-
mation of data into images and support students’ interpretation and un-
derstanding of otherwise imperceptible concepts such as DET (Lu et al. 
2017). Since evolutionary history and processes entail such enormous 
time frames, different kinds of visual representations are employed to 
communicate various aspects of evolutionary content. However, under-
standing science and employing scientific methods often requires 
knowledge about the visual representations as well as knowledge about 
the scientific content (Gilbert 2005; Schönborn and Anderson 2009). 
Understanding of visual codes, the ability to use corresponding modes of 
representations (e.g., concrete, linguistic) and to critically evaluate the 
limitations and affordances of various representations are important as-
pects of science learning. This is also in line with Ainsworth (1999) who 
points out that knowledge about the visualized objects and the abilities 
needed to interpret the information are necessary for fruitful visual com-
munication as well as the design, purpose and context of the visualization 
(Ainsworth 2008).  

Modern tree diagrams 
Phylogenetic trees are essentially visually communicated hypotheses of 
inferred evolutionary relationships of the included organisms (Baum and 
Smith 2012). The underlaying data upon which phylogenetic trees are 
reconstructed can include morphology (i.e., form and structure), anat-
omy of living organisms or fossils, DNA, and protein sequences (O’Mal-
ley and Koonin 2011). The information communicated by these evolu-
tionary diagrams can serve to reconstruct evolutionary history, organise 
knowledge about biological diversity, and visualize how traits have 
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evolved (Baum and Smith 2012). Furthermore, they are also frequently 
used for many other purposes in life sciences, for example to illustrate 
how genes in a gene family have evolved, and in epidemiology to show 
how pathogens change during the course of an epidemic (Yang and 
Rannala 2012). 
 Uncertainties in phylogenetic trees can be indicated in several ways 
but require the ability to interpret the diagram (i.e., tree-thinking com-
petence) on behalf of the learner. One way of indicating uncertainties is 
to deviate from binary splitting and introduce polytomy, a lineage split 
resulting in more than two descendant lineages. Another way to indicate 
uncertainties is to add a quantitative measure of uncertainty on the 
branch subtending a clade (Baum and Smith 2012). The examples of phy-
logenetic trees used in this thesis depict how relationships among vari-
ous organisms have evolved. Figure 5 illustrates the basic features of a 
phylogenetic tree with central terms depicted.  

 
Figure 5. Visual description of important terms and corresponding 
components of a phylogenetic diagram. 

The lines in the diagram represent lineages, which are groups of repro-
ducing populations united by occasional gene flow (Baum and Smith 
2012). The base of the tree represents the common ancestor of the in-
cluded organisms and referred to as the root. If all organisms were in-
cluded in the tree, it would represent the origin of life and the root would 
refer to the last universal common ancestor. The tips of the branches are 
associated with terminal taxa (scientific names of organisms or groups 
of organisms such as species, genera and family). The points where two 
lineages meet (or split) are called nodes and represent the most recent 
common ancestor (MRCA) of these two lineages. An important notion in 
evolutionary biology is a clade (also called monophyletic groups) which 
refers to an ancestor and all the respective descendants of this organism 
(Gregory 2008). This is identified in a phylogenetic tree as a branch with 
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all the organisms descended from a particular common ancestor that is 
also included. Since biological relationships between organisms are 
based on when their MRCA existed, this notion is a very important con-
cept. 
 The primary source of information communicated in a phylogenetic 
tree is the branching pattern, that is, the topology, which reveals com-
mon ancestry, biological relationships, biological diversity and (at least) 
one temporal aspect, namely the order of ancestors along each lineage. 
Since it is the topology of the lines that primarily convey information, 
they can be represented in several visual ways as shown in Figure 6.  
  

 
Figure 6. Various visual ways to illustrate identical phylogeny. 

Moreover, in such visual representations of evolutionary relationships, 
the topology remains unchanged even if parts of the tree are rotated 
around a node. This is illustrated in Figure 7. 

 
Figure 7. Two identical phylogenetic trees illustrated in different ways. 
Images from the public domain. 

Some of the diagrams have similar iconography but convey different 
meanings, which is presented in Figure 8, where the lengths of the hori-
zontal branches convey different meanings. In many tree diagrams, 
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branch length does not provide any additional information, but in some 
diagrams additional information is included such as number of changes 
of a characteristic or estimates of time. Diagrams where branch length 
corresponds to number of changes (e.g., nucleotide changes) are called 
phylograms (Figure 8B). Diagrams where branch length corresponds to 
units of time are called chronograms (Figure 8C). Tree diagrams referred 
to as cladograms (Figure 8A) are inferred solely on information about 
shared features. In cladograms the branching pattern is the only infor-
mation provided. 
 

 
Figure 8. Three different types of tree diagrams. A cladogram (A), a phylogram (B) 
and a chronogram (C).  

There are also other types of tree diagrams with various iconographies 
(Catley and Novick 2008; Gregory 2008; Schramm, Jose, and Schmie-
mann 2021). These diagrams are used in different contexts for different 
purposes. For example, multivariate diagrams called spindle diagrams 
(see Figure 11B) depict information about relationships and abundance 
of the included taxa during various periods. There are also examples 
where morphological characteristics and geographical distribution or 
ecological factors such as food preferences are included and visually rep-
resented. 
 Figure 9 presents a simple compilation of the most frequent visual 
formats of phylogenetic trees based on the orientation of the time axis 
(i.e., the direction from the root to the tips) and depiction of topology. 
The tree might have the root positioned at the bottom and the branch 
tips at the top, which implies that the passage of time leads from bottom 
towards the top (b and e). This directionality can also be inversed with 
the root at the top implying that the passage of time leads from top to 
bottom (c and f). A different variant are diagrams with the tree rooted to 
the left and the branch tips to the right implying an order of events from 
left to right (a and d). Yet another way of orienting the tree is circular 
with the root positioned in the center and the branch tips in the periph-
ery with time leading from the center towards the periphery (g). 
Both rectangular (a, b and c) and diagonal (d, e and f) formats are fre-
quently used in secondary literature such as textbooks, whereas the cir-
cular format is more frequently used in primary literature. As the name 
implies an unrooted tree (h) lacks a root, thus any temporal 
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information is unavailable. Circular and unrooted trees are seldomly 
used in secondary literature (Baum and Smith 2012). 

 
Figure 9. Visual depiction of various phylogenetic trees based on 
the format of the topology and the direction of the time axis. 

So far in this description of modern tree diagrams, I have only presented 
static two-dimensional forms. However, emerging digital technologies 
afford new ways to visually communicate time. For example, zoomable 
user interfaces (ZUIs) enable detailed data to be accessible within a con-
strained user interface (Bederson 2011). In addition, new modes of inter-
action such as touch-based interfaces enable more interactive modalities 
to be engaged. Many of these technologies also allow for user control and 
agency, which opens a new landscape of opportunities in evolution, biol-
ogy and science education. One example of such visual interactive tech-
nology is the DeepTree exhibit developed by Block et al. (2012) and de-
picted in Figure 10. 

 

 
Figure 10. The DeepTree exhibit (A) and the touch-based tabletop interface (B). 
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As briefly aforementioned, it is important to note that the tree metaphor 
has been criticised as a model for evolution since there are several inci-
dences of hybridization, for example among certain groups of plants, and 
horizontal gene transfer among bacteria, which is incompatible with the 
typical branching pattern in tree diagrams. This complicates the use of 
trees as models for evolution and would rather favour a network than a 
tree as a visual metaphor. However, trees can be considered as special 
cases of networks so trees and networks are not necessarily mutually ex-
clusive models for evolution (Morrison 2014).  

Multiple visual representations for communicating  
evolutionary time 
A multitude of visual representations of evolution are available, many of 
them representing very long time periods. They are associated with dif-
ferent visual communication purposes and thus are associated with di-
verse visual designs. For example, they can take the shape of tree dia-
gram formats (dendrograms), linear or spiral-shaped timelines (Figure 
11C), with time depicted in a linear or logarithmic way, spindle diagrams 
bar-graph type images (Figure 11B), and “bootstrapping” images that 
help bridge large differences in temporal magnitudes (Figure 11A). Some 
visual depictions of DET stress the cyclic nature of time in the form of 
clocks or spirals (Figure 11C). Others depict time in a linear fashion as 
analogous calendars (Boyd-Davis, Bevan, and Kudikov 2013), which 
serve as predominantly linear descriptions of time in the form of time-
lines. In the following, I further elaborate on two of these visual types, 
namely timelines and tree diagrams.  
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Figure 11. Three different types of visualizations communicating DET. An example 
of visual bootstrapping (A), an example of a spindle diagram (B) and a time spiral 
(C) where each revolution corresponds to one By (inspired from Stephansson and 
Damberg 1988). 

The manner in which time in a visualization relates to corresponding 
chronological time can vary. One way is to use what Boyd-Davis (2013) 
refers to as a time-based scale where events are positioned in a temporal 
space that also include event-free periods. This description acknowl-
edges time as a separate dimension regardless of whether events are oc-
curring or not (Figure 12 I). This type of scale provides feasible opportu-
nities to estimate and compare durations but might suffer from an une-
ven distribution of events along the timeline. 
 

 
Figure 12. A time based (I) and an event-based (II) scale illustrating the same  
sequence of events (A-C). 

A contrasting type of temporal representation is found in what Boyd-
Davis (2013) refers to as event-based scales (Figure 12 II). In this case, 
no, or minor attention is given to absolute and chronological time, with 
intervening event-free periods occupying minimal space. The advantage 
of such event-based scales is that the sequence of events can be visualized 
in an economic and purposeful way and eliminating unnecessary aspects. 
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Furthermore, using this kind of scale enables a visual design in which 
overview and detail can be combined due to the “flexible” scale and 
where events are distributed evenly even if in reality they were dispersed 
unevenly (Boyd-Davis, Bevan, and Kudikov 2013; Vít and Bláha 2012). 
Certain temporal aspects such as order of events can be correctly de-
picted while other aspects such as durations require further cognitive 
processing of the visual information, and thus might be harder to inter-
pret while using this type of scale. 

Deep evolutionary time (DET)  
visualizations in science education 

Human perception and information processing theory 
A theoretical framework of relevance in visual communication is Gestalt 
theory, originally proposed by Max Wertheimer, Wolfgang Köhler, Kurt 
Koffka and Kurt Lewin (Moore and Fitz 1993). The main idea of this 
framework is expressed as six principles which all adhere to the basic 
assumption that human perception and interpretation tend to compile 
separate visual elements into a more comprehensible whole rather than 
disparate entities. The six principles are: similarity (similar elements 
tend to be grouped), closure (missing parts of an element tend to be 
“filled in” to create a whole), proximity (adjacent elements tend to be 
grouped), continuation (the tendency to follow the continuous path with 
the least amount of resistance when viewing lines), symmetry and order 
(the tendency to perceive ambiguous shapes in the simplest manner pos-
sible), and figure/ground (the propensity to distinguish between ele-
ments perceived to be in the foreground and the background). Since vis-
ual communication has an essential role in science education, the prin-
ciple of Gestalt theory should be considered in the design and choice of 
visualizations for teaching and learning evolution and science (Liu and 
Novick 2021; Novick and Catley 2007; Pinna 2010). 
 Another aspect that is related to human perception as well as 
knowledge acquisition is cognitive load. This aspect of information pro-
cessing refers to human working memory’s ability to process perceived 
information (e.g., visual and verbal) in any one moment. Much seminal 
research has been devoted to the effect of cognitive load in association 
with visualizations (e.g., Baddeley 2003; Moreno and Mayer 2007; Paas, 
Renkl, and Sweller 2004; Sweller 1988). For example, Baddeley (2003) 
investigated limitations of human information processing while Mayer 
and Moreno (2003) have conducted research on the effects of combining 
visual and auditory information. This work resulted in the premise that 



 

28 
 

a dual modality (combining visual and auditory modes of representation) 
communication enhances human working memory’s capacity to 
meaningfully integrate information. Mayer and Moreno (2003) 
compiled nine ways to reduce cognitive load based on three assumptions 
about human information processing architecture and learning in 
information-rich environments. 
 These assumptions are: i) the dual channel assumption ii) the limited 
capacity assumption (that each channel can only process a limited 
amount of information at any one moment) and iii) the active processing 
assumption (learning requires active cognitive and referential processing 
in both channels). Paas, Renkl, and Sweller (2004) distinguish between 
three components of cognitive load; intrinsic, extraneous and germane 
load. Intrinsic load refers to the unavoidable load imposed by the nature 
of the information that has to be learnt. Extraneous cognitive load is the 
result of additional and unnecessary load due to instructional design, for 
example the graphical design and features of external visualizations. 
Germane load refers to the load required for schema construction (Ayres 
and Paas 2007), cognitive processes that are associated with “learning”. 
Sweller (2004) also presented a number of principles which should guide 
instruction, for example by taking into account the dual channel 
assumption and split attention effect caused by the splitting (in time or 
space) of information which needs to be mentally integrated in order to 
be understood (Kalyuga, Chandler, and Sweller 1999). For example, 
reading a map requires splitting one’s processing between interpreting 
the graphical features of the map and reading associated captions not 
positioned in the vicinity of the graphical information. Another relevant 
principle is the active processing supposition formulated by Wittrock 
(1989), which assumes that learners need to actively engage in order to 
construct meaning. 

Constructivism and conceptual change 
This thesis is positioned within the domain of science education with a 
particular focus on teaching and learning visually communicated DET. 
Science education research covers a wide range of subject content and 
incorporates various theories and frameworks to explain knowledge ac-
quisition, for example considering individual cognitive processes or  
sociocultural aspects. 
 According to constructivism, knowledge about the surrounding natu-
ral world is constructed in an active process (Sjøberg 2010). It is im-
portant to emphasise that this does not imply that all conceptions about 
the world are equally valid, but rather that our conceptions and under-
standing are personal even though we share the same mind-independent 
world. This line of reasoning explains the often cited statement by 
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Ausubel (1968) that ”The most important single factor influencing 
learning is what the learner already knows” since new knowledge is as-
sociated and combined with prior knowledge in the learning process. A 
most important process in the development of learning is that of modi-
fying pre-existing conceptions, that is, achieving conceptual change 
(Posner et al. 1982).  
 As Sinatra, Brem, and Evans (2008) point out, people have certain 
conceptions of the world supporting their understanding of evolution, 
and learning often implies a revision of their previous models of the 
world. Conceptual change theory was largely inspired by applying the 
work of Swiss psychologist Jean Piaget. He contributed with two central 
themes in this regard. First, he introduced the biological notion of intel-
lectual development through articulating the processes of assimilation 
and accommodation; assimilation relates to adding new information to 
already existing knowledge structures, whereas accommodation refers to 
the process of modifying existing knowledge structures to incorporate 
new information (Piaget 1952). Second, Piaget stated that humans are 
not born as “blank slates”, we come with biologically based default ways 
of understanding the world. Even though much of Piaget’s findings have 
been modified by later research, the essential insight that children are 
complex learners that are provided with “rules of thumb” that form our 
conceptions about the world (Wellman and Gelman 1998) remains. 
These conceptions, or rather cognitive biases, are often not consistent 
with the scientific ideas of evolutionary theory (Evans 2008), and thus 
present obstacles to learning evolution. Two important “cognitive biases” 
which can hinder the understanding of evolution are the essentialist con-
straint, and the teleological constraint. Essentialism is the “intuition that 
organisms have fixed essences and that they do not undergo a change 
in kind even when their external features change” (Kampourakis 2020). 
Essentialism reflects Plato’s philosophy about an ideal, essential and not 
directly perceived world with clearly demarcated and unchangeable cat-
egories of objects. Teleological reasoning is based on the assumption that 
the features of living organisms (e.g., behaviour) or non-living object are 
made for a purpose (Kelemen 1999) which hinder understanding of evo-
lutionary processes.  

Measuring knowledge about visually communicated deep 
evolutionary time 
Since teaching and learning evolution has proven challenging for many 
reasons (e.g., Kampourakis 2020; Smith 2010b) it is urgent to advance 
educational research about contributing factors such as knowledge, pro-
ficiencies and attitudes. For this purpose, educational researchers em-
ploy measurement instruments of different types in the form of tests and 
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questionnaires to unveil such underlaying, or latent factors (Nehm and 
Mead 2019) of influence. Doing so provides evidence-based information 
useful in educational settings. These test instruments can be regarded as 
diagnostic tools intended to provide valid and reliable information to 
teachers and researchers. Furrow and Hsu (2019) provide several exam-
ples as to how these instruments can be used for revealing students’ pre-
knowledge, and for measuring learning during a course, and thus guiding 
educational design to target identified problematic concepts. 
There is strong research support for using test instruments in the form 
of concept inventories to inform teaching (e.g., Adams and Wieman 
2011; Marbach-Ad et al. 2009). A multitude of instruments have been 
developed during the last two decades, for example the concept inven-
tory of natural selection — CINS (Anderson, Fisher, and Norman 2002), 
measure of understanding of macroevolution — MUM (Nadelson and 
Southerland 2009) and the concept assessment of natural selection —
CANS (Kalinowski, Leonard, and Taper 2016).  
 Several guidelines for developing and validating test-instruments ex-
ist but I will restrict my description of the process which we have used as 
the main source of interest to elements of our own investigation on this 
front. It is presented by Adams and Wieman (2011) and follows four 
phases: i) defining the aim of the instrument and the scope of the con-
struct, ii) development and evaluation of the test, iii) developing, testing, 
evaluating, and selecting items, and iv) assembly and evaluation of the 
test for operational use (cf. Anderson, Fisher, and Norman 2002). 
 Measuring students’ understanding is important for many reasons. 
For example, concept inventories can function as tools for diagnosing 
students’ knowledge about evolutionary concepts (and misconceptions) 
prior to a course, and to also provide a means for summative as well as 
formative assessment of teaching and learning. Concept inventories can 
also inform learning objectives in course development (Furrow and Hsu 
2019). 

Threshold concepts in evolution and science education 
Teaching and learning about subjects involving large differences in scale 
have proved to be challenging to many students (Catley and Novick 
2009; Lee et al. 2011). This is the case in evolution education where spa-
tial scales can vary from molecular level to organism level, and with tem-
poral scales spanning between hours and billions of years. Challenges in 
understanding scales are included in a class of concepts termed “thresh-
old concepts” (Meyer and Land 2003). These concepts typically have a 
underlying, abstract and general character and are not necessarily re-
stricted to a particular subject or discipline but can be relevant in several 
contexts.  
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 Typical features that characterize threshold concepts are that they i) 
can induce an ontological and conceptual shift, ii) are irreversible iii) are 
integrative (enable new relations), and iv) can be troublesome due to 
their counter-intuitive properties (Cousin 2006; Meyer and Land 2005). 
Ross et al. (2010) suggested that understanding scales and relations be-
tween different represented scales in evolution should be considered a 
threshold concept. Tibell and Harms (2017) even claim that threshold 
concepts should be explicitly taught (cf. Meyer and Land 2003: 2005). 
An example of the difficulties with grasping differences between magni-
tudes would be to compare earlier notions of Earth’s history with the cur-
rent estimate of the age of the Earth. Bishop Ussher’s (1658) calculated 
the age of the Earth to be 6000 years old and the current understanding 
of the Earth’s age is 4,6 By (Allegre, Manhes, and Göpel 1995). One way 
to visualize the difference in magnitude between these two measures is 
to map the comparison onto a spatial scale. For example, if 1000 years 
corresponds to 1 meter then the distance according to Ussher would be 6 
meters, whereas it would be 4600 km according to current scientific 
knowledge, almost the distance between Stockholm and Islamabad.  

The embodiment of time in communicating DET 
Since the concept of time is abstract, and not possible to observe per se, 
a relevant theoretical framework to investigate the perception of time is 
that of embodied cognition. According to this framework, metaphors de-
veloped from everyday experience are essential in comprehending ab-
stract entities, such as time. As part of such experiences abstract  
concepts are often linked with concrete bodily experiences 
(Boroditsky 2000; Lakoff and Johnson 1980; 1999; Lakoff 2012). A very 
common metaphor for time is space, that is, time conceptualized as a 
spatial distance. Here events are equivalent to objects along a path and 
durations are equivalent to distances as exemplified in the previous ex-
ample. The conceptualisation of space is intertwined with time in the in-
ternational system of units since 1 meter is defined in terms of the dis-
tance that light covers during 1/299792458 seconds of travel. Later re-
search has supported this notion and Boroditsky (2000) even claims that 
this metaphor forms the foundation for our way of conceptualising time.  
 There are two general metaphors for time according to Lakoff and 
Johnson (1999) which they refer to as the time orientation metaphor 
(Figure 13 A) and the moving observer metaphor (Figure 13 B). In the 
time orientation metaphor, the observer is static and located in the pre-
sent facing the future with time passing by, leaving the past behind. In 
contrast, in the moving observer metaphor it is the observer that is mov-
ing towards the future. 
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Figure 13. Two types of temporal metaphors, the time orientation metaphor (A) and 
the moving observer metaphor (B). Image adapted after sources in the public do-
main. 

Both types of metaphors are used in dynamic visualizations of DET. In 
addition to the metaphor of time as space, there are also analogies where 
long time frames are transformed and mapped to corresponding short 
time frames. For example, visually as clocks, (e.g., 1 hour represents 150 
My and the history of life one day) or as calendars (e.g., 1 day corresponds 
to 10 My and 1 year corresponds to the history of life). This use of analogy 
can also be expressed non-pictorially, especially in making comparisons 
of various long-time intervals, for example if one second represents 1 
year, then one million seconds correspond to approximately 11 days, and 
one billion seconds corresponds to about 31,5 years. 

Affective responses in science and science 
education  
In this section I present a brief compilation of theories and frameworks 
regarding the associations between affect and learning. I first introduce 
the section by providing evidence for the connection between cognition 
and affective responses, followed by compelling statements delivered by 
renowned scientists, in relation to associations between scientific under-
standing and affect. I then turn to motivating that the affective domain 
in teaching and learning is an under-researched area. Lastly, I account 
for the complexity and challenges in doing research on affect and 
learning, and eventually present some definitions and taxonomies for 
affective responses in general and for epistemic emotions in particular. 
 The notion of cognition and emotions as intimately intertwined has 
gained much support by neurological research which spurred an in-
creased interest in the role of emotions in epistemology that can be 
traced back to the 1990s. For example, Damasio (1994), Pessoa (2008) 
and Gray et al. (2002) have all demonstrated that boundaries between 
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emotions and cognition are often fuzzy, and that there is extensive over-
lap in the neural circuitry between cognitive and emotional processes 
(Immordino-Yang and Damasio 2007). Also, from an epistemological 
perspective, Elgin (2008) argues that affective responses are an aspect of 
reasoning that has to be acknowledged in effective teaching and learning. 
 Expressions of how emotions are intertwined with a variety of scien-
tists’ thinking are plentiful. In the context of this thesis, it is noteworthy 
that the writings of Darwin recurrently express emotions. A famous exam-
ple is the closing sentence of “The origin of species” (Darwin 1859, 490): 

 
There is grandeur in this view of life, with its several powers, hav-
ing been originally breathed into a few forms or into one; and 
that, whilst this planet has gone cycling on according to the fixed 
law of gravity, from so simple a beginning endless forms most 
beautiful and most wonderful have been, and are being, evolved. 

The acclaimed author and former professor for the public understanding 
of science at Oxford University, Richard Dawkins, has devoted two books 
addressing the importance of affect in science (Dawkins 2000; Dawkins 
and McKean 2011). He eloquently articulates his position with regard to 
the connection between scientific understanding and affect in this way: 
“this feeling of spine-shivering, breath-catching awe /../ almost wor-
ship -- this flooding of the chest with ecstatic wonder, that modern sci-
ence can provide” (Dawkins 1998). 
 Considering that this thesis covers themes regarding aspects of teach-
ing and learning about visual communication of DET it is interesting to 
note that in addition to Darwin formulating the theory of evolution, pro-
ducing the first illustration of a tree diagram based on genealogy, he also 
wrote an entire book devoted to emotion, “The expression of the emo-
tions in man and animals” (Darwin 1872). 
 Affects are ubiquitous and important not only in science but also in 
educational settings (Pekrun 2014). Matthews (2015) even claim that 
emotions are the elephant in the science classroom. Despite the acknowl-
edged importance of affect in science education, research concerning 
emotions and feelings is not plentiful and the need for further studies 
addressing various aspects of affect in science education has been 
stressed (e.g., Fortus 2014).  
 A contributing reason for the limited work in the research literature 
might be the elusiveness of emotions, both in terms of terminology, 
which tend to differ over time and across different cultures. There is also 
the issue of complexity regarding demarcation and overlap between dif-
ferent affects. Even the word emotion is ambiguous with various mean-
ings in different contexts (e.g., in academic disciplines and everyday lan-
guage). However, there is a general consensus regarding the definition of 
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emotion, mood and affect. Affect tends to be used more broadly to in-
clude emotions and moods (Brun, Kuenzle, and Doguoglu 2008). Emo-
tions are directed toward specific referents and are of moderate to high 
intensity whereas moods are of lower intensity and often lack a specific 
referent (Pekrun and Linnenbrink-Garcia 2012).  
 Several taxonomies for emotions have been proposed along various 
dimensions (e.g., valence, activation, backward or forward looking) 
while others draw on emotions as elementary or derivations (Brun, 
Kuenzle, and Doguoglu 2008). A widely used framework is the list of six 
cross-cultural emotions (anger, fear, happiness, sadness, disgust and 
surprise) suggested by Ekman and Friesen (1986).  
 Pekrun and Linnenbrink-Garcia (2012) have formulated a taxonomy 
of four academic emotions: achievement emotions, epistemic emotions, 
topic emotions and social emotions. Achievement emotions arise as a re-
sult of achievements and are pervasive in educational settings. Examples 
are pride of success or shame of failure. These emotions are also related 
to academic activities, for example studying what can be experienced 
with joy or boredom of learning. Epistemic emotions are associated with 
learning and knowledge acquisition. Typical situations where epistemic 
emotions arise is cognitive incongruity which might cause surprise, con-
fusion, awe or curiosity. Topic emotions concern the subject content pro-
vided by the learning environment. Examples of topic emotions are re-
actions to objects or processes, for example empathy or disgust (Pekrun 
2014). These emotions are not directly related to learning but might still 
influence learning by influencing students’ interest. Learning occurs in, 
or as a result of social environments which means that any affective re-
sponse involved in such situations might arise, for example, in relation 
to peers’ success or failure (e.g., envy or admiration) but also due to non-
achievement emotions such as compassion. These are called social emo-
tions and can also contribute to the dynamics of a learning situation. 
 Among the different emotions involved in academic learning, epis-
temic emotions are most relevant to this thesis since they represent the 
closest and most direct relation to learning and knowledge acquisition. 
Curiosity, surprise and confusion are often included as epistemic emo-
tions, (e.g., Vogl et al. 2020). In addition, inclusion of awe has been sug-
gested by many studies (e.g., Gottlieb, Keltner, and Lombrozo 2018; 
Price et al. 2019; Shiota, Keltner, and Mossman 2007; Valdesolo, Shtul-
man, and Baron 2017). Keltner and Haidt (2003) claimed that awe is 
connected with two essential appraisals, namely perceived vastness and 
a need for accommodation. For this reason, Valdesolo, Shtulman, and 
Baron (2017) consider that awe is a most important affect in early science 
learning. Assertions have also been made that awe-inspiring experiences 
are positively related to scientific thinking (Gottlieb, Keltner, and 
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Lombrozo 2018). Furthermore, experiences of awe have proven to be 
associated with an increased feeling of connectedness with other life 
forms (Yaden et al. 2017). Based on these assumptions, Jones et al. 
(2022) investigated teachers’ uses of awe as a pedagogical tool. Their 
findings illuminate the potential impact that deliberate inclusion of awe 
experiences can have in science instruction.  
 The epistemic affective responses of curiosity, surprise, confusion and 
awe relate to prior research, and conceptual change theory in that they 
are associated with violations of expectations. In doing so, experiencing 
these affects has the potential to provoke cognitive incongruity and a 
need for accommodation (Keltner and Haidt 2003; Nerantzaki and Ef-
klides 2019; Shiota, Keltner, and Mossman 2007; Valdesolo, Shtulman, 
and Baron 2017; Vogl et al. 2020), with subsequent states of uncertainty 
that encourage explanation and meaning-making. In this way affective 
responses can facilitate learning, but at the same time, if the incongruity 
remains unresolved, it can be detrimental to learning (Arguel et al. 2017).  
 In addition to curiosity, surprise, confusion and awe, other emotions 
have also been suggested as epistemic emotions. For example, Muis et al. 
(2015) also included enjoyment, anxiety, frustration and boredom. Ne-
rantzaki and Efklides (2019) also included interest and wonder. Wonder 
is an emotion that is similar to both curiosity and awe but requires less 
restructuring of knowledge (Valdesolo et al., 2017).  
 Other functions of experiencing affective responses can be as motiva-
tional drivers to gain further knowledge and to enhance memory and re-
call (Brun, Kuenzle, and Doguoglu 2008; Elgin 2008; Munnich, Ranney, 
and Song 2007). 
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3. Literature review
I structure the literature review chapter of this thesis by presenting a 
summary of research on visually communicated DET in science educa-
tion, a topic that comprises a range of associated fields not least the life 
and earth sciences. In doing so, I will address gaps in current knowledge 
and position the thesis in relation to prior research on the visual com-
munication and interpretation of visualizations of evolution concepts 
and knowledge.  
 As previously mentioned, visualizations in science education are 
essential (Phillips, Norris, and Macnab 2010) and knowledge about DET 
is also necessary in several fields (e.g., evolutionary biology, astronomy, 
palaeontology, geology, as well as in subjects related to environmental 
issues and sustainability). Hence, initially in this literature review, I pre-
sent an overview over visualizations in science education and evolution-
ary biology generally, including research literature related to visualiza-
tions with increasing levels of interactions, from static images to highly 
interactive representations. Next, I account for measuring understand-
ing of visually communicated static DET and then factors that 
influence learning about evolution. Eventually I present relevant 
research regarding the role of affective responses in teaching and 
learning evolutionary biology. 

Visualizations in teaching and learning 
about deep evolutionary time 
There is a general consensus in science education research that visuali-
zations play an essential role in science as well as in science education 
(Phillips, Norris, and Macnab 2010). Visualizations come in many 
differ-ent forms, be it static symbolic representations such as 
diagrams and timelines or iconic representations, such as photos and 
illustrations of objects. There are also moderately physically interactive 
displays such as animations, through to highly immersive and 
interactive interfaces. With regard to these degrees of interactivity, 
Libarkin and Brick (2002) call for exploration on how the use of 
technology-based visualization tools of different interactivity levels 
might influence learning in relation to more traditional visual teaching 
materials such as static textbook forms. It should be noted that all 
these visual representation forms can also complement each other in 
teaching and learning science (e.g., Ainsworth and VanLabeke 2004). 
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  Regardless of which type of visualizations are used in teaching and 
learning, an important aspect underlined by many researchers is that vis-
ualizations should be chosen with respect to the learner’s pre-knowledge 
about the subject matter as well as his or her visual literacy (Linn 2003; 
Matuk and Uttal 2018; Phillips, Norris, and Macnab 2010; Schnotz 
2002; Schönborn and Anderson 2006; Vekiri 2002). On this note, a 
common issue is that many of the visualizations used in educational con-
texts originally were created by, and for, experts. It is also important that 
the visualizations used are relevant to the learning objective and possible 
to complement with scaffolding, for example with additional textual or 
oral information. However, real world educational settings are very com-
plex with additional important aspects to consider such as students’ mo-
tivation and available time for instruction. In summary, Phillips, Norris, 
and Macnab (2010) recommend that teachers i) carefully select level-ap-
propriate visualizations, ii) prepare students before performing the vis-
ualization activity, and iii) conduct assessments to ensure intended 
learning outcomes of the learning with visualizations. 
 In the following section, research regarding successively increasing 
interactive visualizations, from static two-dimensional images to highly 
interactive three-dimensional dynamic visualization, is presented.  
 To date, there is no consensus on how interactivity between a human 
and a computer interface should be defined, but there are many sugges-
tions in the research literature (e.g., Kiousis 2002; Koolstra and Bos 
2009). However, two ubiquitous features which they share are control 
and reciprocal communication (Liu 2003). Reciprocity requires an effi-
cient (quick) two-way exchange of information (Alba et al. 1997) and 
control implies mutual abilities to send and receive information (Jensen 
1998). Based on these requirements, Liu and Shrum (2002) proposed to 
measure interactivity as “the degree to which two or more communica-
tion parties can act on each other, on the communication medium, and 
on the messages and the degree to which such influences are synchro-
nized”. Three perspectives of interactivity can thus be identified: i) active 
control, ii) two-way communication and iii) and synchronicity. 
 The level of interactivity can vary from none (e.g., only interpreting 
static images and text) to simple feedback and basic animations further 
to more advanced simulations and communication with databases to 
highly immersive environments. The categorization of the visualizations 
along a continuum as non-interactive, low interactivity or high interac-
tivity corresponds to level I, II and III in the scale proposed by Schul-
meister (2003), which, in turn, is based on a framework proposed by El 
Saddik (2001). Level I in Schulmeister’s (2003) scale includes static im-
ages, level II includes animations with possibilities for the user to control 
the playback (e.g., play, pause, rewind) and level III includes controlling 
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the visual display and viewing order (e.g., zooming). There are also other 
suggestions in the research literature for scales of interactivity and for 
definitions of interactivity as well as suggestions for repositories, test in-
struments and interactivity enriching features (e.g., Hanisch and Straßer 
2005; Koolstra and Bos 2009; Patwardhan and Murthy 2015; Liu and 
Shrum 2002; Schulmeister 2003). 

Interpretation of static DET visualizations (non-interactive)  
According to Libarkin and Brick (2002), the potential benefits of static 
visualizations in the earth sciences are the relatively low cost, easy con-
struction in teaching and low cognitive load in learning. However, draw-
backs include the limited and “unflexible” usability which might lead to 
more passive learning. Given the non-dynamic, two-dimensional con-
straints of paper or screen displays, they are by necessity limited to static 
“flat” representations (even of three-dimensional objects such as trees), 
which sometimes requires specific knowledge about the visual conven-
tions to interpret. 
 There are many types of static visualizations that represent DET. I will 
give a brief description of the most frequently used visual static displays 
involving DET with a particular focus on timelines and tree diagrams 
since these are of essential importance in teaching and learning about 
DET (Baum, Smith, and Donovan 2005). In a sense, all visual represen-
tations of DET are spatial since they are expressed visually, but I will as-
sign the various types based on whether they are conceptually grounded 
on a time-to-space or a time-to-time analogy. All these representations 
are attempts to provide a means to bridge the gap between the otherwise 
imperceptible time scales that DET involves and connect it to the human 
scale for making them conceivable. 
 In time-to-time analogies, DET is transformed and compressed into a 
more comprehensible timeframe. One example is to map DET onto a 24- 
hour clock. This analogy has been criticized by Resnick et al. (2017) since 
the depiction of time is circular, giving the impression that time is recur-
rent and divided into equal spaced time intervals (hours). This is not the 
case when it comes to the geological timetable in which different periods 
vary in length (e.g., the Devonian period is more than twice as long as the 
Silurain period). Bjornerud (2018, 16) even go so far as claiming that it 
is an irresponsible approach to communicating DET since it might evoke 
a sense of human insignificance that undermines the anthropogenic im-
pact of human existence during the fraction of a second in the analogy. 
Bjornerud also objects to the implied ending and rhetorically asks “what 
happens after midnight?”. Another example of time-to-time mappings 
with a recurrent character are calendar analogies for visualizing DET 
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(e.g., the history of life scaled to one year with each day corresponding to 
10 My).  
 There are also time-to-space analogies. For example, DET can be met-
aphorically mapped onto space which resonates with the way humans 
usually conceive time, that is,  in terms of spatial metaphors where tem-
poral instances are represented as locations and durations as distances 
(Boroditsky 2000; Lakoff and Johnson 1999; 1980). One frequently ap-
plied metaphor of this kind is the mapping of DET-scales onto familiar 
objects such as a pile of books (Dawkins 2000), a road distance, the hu-
man body (Dawkins 2000; McPhee 1982), or a building (Resnick et al. 
2017). On this note, Resnick et al. (2017) point to the necessity that the 
learner is familiar with the size of the object onto which DET is scaled to 
be able to grasp the correspondence between the source and target of the 
metaphor (Lakoff and Johnson 1980; 1999; Lakoff 2012). For this rea-
son, scaling DET to the human body can be a powerful way to connect to 
the vast magnitudes of evolutionary time. Dawkins (2000) provides a 
wonderful mapping visualization example: 

 
Fling your arms wide in an expansive gesture to span all of evo-
lution from its origin at your left fingertip to today at your right 
fingertip. All the way across your midline to well past your right 
shoulder, life consists of nothing but bacteria. Many-celled, in-
vertebrate life flowers somewhere around your right elbow. The 
dinosaurs originate in the middle of your right palm, and go ex-
tinct around your last finger joint. The whole history of Homo 
sapiens and our predecessor Homo erectus is contained in the 
thickness of one nail clipping. As for recorded history; as for the 
Sumerians, the Babylonians, the Jewish patriarchs, the dynas-
ties of Pharaohs, the legions of Rome, the Christian Fathers, the 
Laws of the Medes and Persians which never change; as for 
Troy and the Greeks, Helen and Achilles and Agamemnon dead; 
as for Napoleon and Hitler, the Beatles and Bill Clinton, they 
and everyone that knew them are blown away in the dust of one 
light stroke of a nail file. 

Timelines are quintessential visualizations for expressing time in terms 
of space, and have been investigated in many studies (e.g., Boyd-Davis 
2012; Foreman 2008; Korallo et al. 2012). Prior research has included 
student understanding of timelines as well as the construction of student 
generated timelines (Cheek 2012; Clary, Brzuszek, and Wandersee 2009; 
Libarkin, Kurdziel, and Anderson 2007; Truscott et al. 2006). 
 A common representation of deep time is a physical, linear and one-
dimensional timeline placed in the corridor of a school or elsewhere 
(Truscott et al. 2006). For example, in the form of a toilet roll, such time-
lines can be straight or spiral-shaped and physically augmented with dif-
ferent scales. Often, there is a need to present the sequence of events 
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relatively evenly though they might be unevenly dispersed along the 
timeline. In doing so, the preferred choice would be what Boyd-Davis 
(2013) calls “event-based scales” (see Figure 12 II), where the events oc-
cupy a minimum space. Alternatively, “time-based scales” can be used 
where time is a space in which events and processes are placed which 
means that temporal aspects are more explicitly expressed and inde-
pendent of the distribution of events (see Figure 12 I). Time-based scales 
correspond to a linear association between chronological time and rep-
resented time (i.e., uniform) or non-linear (i.e., the same distance on the 
timeline can represent different time intervals) or a combination of these 
two types (Boyd-Davis (2013).  
 A type of visualization of central importance in teaching and learning 
evolutionary biology is phylogenetic trees (i.e., diagrams depicting evo-
lutionary relationships through time). To emphasize the importance of 
phylogenetic trees in biology, O’Hara (1997, 327) claimed that “Just as 
beginning students in geography need to be taught how to read maps, 
so beginning students in biology should be taught how to read trees and 
to understand what trees communicate”. These diagrams have attracted 
the attention of many researchers and form a research area referred to 
as “Tree thinking” (e.g., Baum, Smith, and Donovan 2005; Baum and 
Offner 2008; Halverson and Friedrichsen 2013; Catley, Phillips, and 
Novick 2013) 
 It is important to keep in mind that the tree is a metaphor that actually 
represents biological relationships. For example, the lineages are not 
branches or lines, but rather visualizations of numerous generations of 
populations with no real connections to particular forms or positions 
(Baum 2008a). Therefore, it is possible to illustrate phylogenetic trees in 
quite different ways (e.g., Figure 8 and Figure 9). 
 Research on how aspects of DET are interpreted in static tree dia-
grams have been investigated by several researchers, especially misin-
terpretations of tree diagrams (e.g., Baum, Smith, and Donovan 2005; 
Gregory 2008; Meir et al. 2007). Gregory (2008) describes several com-
mon types of misinterpretations. For example, the erroneous idea that 
different modern species have different lineage ages. The overall lineage 
leading to any present-day species is of the same age since all organisms 
share a common ancestor. A second example: the misinterpretation in 
misreading the direction of the time axis (e.g., reading the temporal di-
rection from the leftmost branch tip towards the root); a similar misin-
terpretation was also pointed out by Meir et al. (2007). A third type of 
temporal misinterpretation is the idea that more intervening nodes indi-
cate more distant relatedness. This interpretation is erroneous since the 
decisive factor is not the number of nodes but the number of common 
ancestors.  
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 This is exemplified in Figure 14, where species A is equally closely re-
lated to B, C and D despite the various number of intervening nodes 

 
Figure 14. An example of how a phylogenetic tree can be misinterpreted due to the ten-
dency to read across the tips. A is not more closely related to B than to C or D in this case. 

A fourth misinterpretation mentioned by Gregory (2008) in relation to 
DET is the tendency for some students to read across the branch tips 
which is demonstrated in Figure 14 where this propensity can errone-
ously lead to the conclusion that A is more closely related to B than to C 
and D, due to the (irrelevant) visual proximity of A and B.  

Interpretation of DET visualizations with a low degree of  
interactive opportunities (low interactivity visualization) 
I now turn to dynamic visualizations that afford a limited or intermediate 
level of interactivity with the communicated visual information. I focus 
on animations, a form of visual representation that depicts change over 
time (Ainsworth 2008; Ainsworth and VanLabeke 2004) and that are 
constrained to a fixed format and sequence of events. Such dynamic vis-
ualizations enable learners to interact with a device to start, pause, for-
ward, and rewind the visual playback.  
 The use of animations became more frequent during the 1990s as a 
result of new educational technology and their emergence was received 
with enthusiasm, which new types of emerging educational technologies 
often are. Animations can potentially provide students with dynamic in-
formation that is not available in static visual representations (Lowe 
2003), for example, to visualize processes of change over time. In the 
particular case of constructing mental models of dynamic systems in-
volving spatial changes over time associated with perceiving abstract 
processes such as DET, animations can be well-suited provided they are 
well designed and used in an appropriate context and with sufficient sup-
port (Ainsworth 2008). 
 The initial enthusiasm of animated visualization has also been partly 
challenged by subsequent research. For example, Tversky, Morrison, and 
Betrancourt (2002) claim that animations are often too fast and/or too 
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complex for learners to be perceived and correctly comprehended due to 
high cognitive load demands placed on viewers. Lowe (2003) also ques-
tions the assumption that animations are always superior to static dis-
plays as resources for teaching and learning. In line with Tversky, Mor-
rison, and Betrancourt (2002), he poses two reasons for this: first, the 
overwhelming amount of transient information presented in animations 
might impair learning and second, the reduced demand for active en-
gagement required for valuable processing of the information on behalf 
of the students (i.e., an ‘underwhelming’ effect). Lowe (2003) found that 
it was mainly aspects of high perceptual salience in animations that were 
superior to corresponding static displays. Höffler and Leutner (2007) 
performed a meta-analysis based on 26 studies comparing static and an-
imated visualizations. Overall, the study revealed that animation was 
beneficial when the learning subject matter involved procedural 
knowledge, but not when the intention was to communicate declarative 
knowledge. The disparate findings in various studies suggest that the 
usefulness of animations in educational settings is connected to subject 
matter, as well as pre-existing knowledge that the students bring to the 
learning situation. For this reason, Libarkin and Brick (2002) call for 
further research, especially in sciences involving DET. 
 Spatio-temporal animations refer to visualizations where temporal as 
well as spatial aspects are important, for example in dynamic maps 
where the temporal aspects are included. Dynamic timelines are some-
times employed in spatio-temporal animations to make the passage of 
time explicit and separately visible alongside the visualized dynamic pro-
cess. This can be done in the form of a dynamic “temporal legend” with 
an animated cursor indicating the passage of time. The format of tem-
poral legends differs in many ways. For example, while certain timelines 
have fixed scales, others have variable scales, and in certain cases the 
pace of time is constant while it is variable in other cases.  
 In additional work, Edsall et al. (1997) as well as Midtbø, Clarke, and 
Fabrikant (2007) investigated whether any of three different representa-
tions of time: a timeline, a time wheel and a text-based legend would af-
fect how well a specific sequence of events would be communicated. The 
findings showed no significant differences between the groups working 
with the different representations. Regardless which type of temporal 
representation that is employed, a common design issue in various visu-
alized historical scenarios is the fact the much more is usually known 
about the recent past compared to the more distant past (Boyd-Davis 
2013). This phenomenon causes an uneven distribution of events along 
the timeline with few scattered events in the beginning and a clustering 
of events at the end. It is thus tempting for visual designers to somehow 
change the passage of time to suit a more even distribution of events for 
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the sake of the narrative structure. Doing so might enable learners to dis-
cern details during “event-dense” parts of the timeline by optimising the 
narrative structure through slowing down the animated rate of time dur-
ing periods with many events and conversely to speed up the animated 
rate of time during periods with few events. 
 Unfortunately, varying the rate of time in an animation by compress-
ing and expanding it in relation to real time (e.g., by using variable cursor 
speed or timelines which include several scales) reinforces a phenome-
non called the “compression effect” (Longo and Lourenco 2007). This 
refers to the natural tendency to overestimate very short time intervals 
and underestimate very long time intervals by compressing or elongating 
time intervals towards human experience range (Lee et al., 2011).  
 The problem of unevenly distributed events in relation to user friend-
liness has also been addressed by Vít and Bláha (2012) who found that a 
timeline with time units of consistent length and a movable cursor that 
indicated the rate of time with a constant speed, was more user-friendly 
than a timeline with units of varying length and a moving cursor at a 
constant speed. This finding is in line with Lee et al. (2011), who caution 
against using visualizations which employ representation of time rates 
that vary. 
 Another design issue related to temporal legends is the additional 
cognitive load they impart due to the split attention effect (Kalyuga, 
Chandler, and Sweller 1999) caused by the occurrence of two simultane-
ously animated objects visually separated, that is, the animated sequence 
of events and the dynamic temporal legend (Peterson 1999). For exam-
ple, if the temporal legend (e.g., a timeline) is displayed below and sepa-
rate from the dynamic visualization of events, it might cause problems in 
simultaneously appreciating the two types of information due to the split 
attention effect (Baddeley 2003; Paivio 1990; Peterson 1999). One ap-
proach to counteract the potential design shortcomings described above 
is to provide the learner with interactive control. For example, findings 
by Foreman (2008) and Korallo et al. (2012) show that virtual timelines 
are advantageous compared to paper-based timelines provided that 
learners can control the presented information. 

Interpretation of, and interaction with DET visualizations 
with a high degree of interactive opportunities  
(high interactivity visualization) 
In this section of the literature review I focus on research regarding 
highly interactive visual representations involving DET and concentrate 
on zoomable touch-based interactive visual interfaces. I restrict the re-
view to tree diagrams which will serve as the representative visual meta-
phor of DET. 
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 Zoomable user interfaces (ZUIs) enable large amounts of information 
to be accessed within a limited two-dimensional interface. Through 
finger-based gestures, ZUIs enable users to zoom in or out, hence facili-
tating the exploration of a dense amount of visualized content (Börner, 
Chen, and Boyack 2005; Höst et al. 2018). Interactive features such as 
zooming offer perceptual experiences and perspectives that include com-
pressions of both time and space (Ziat et al. 2006). This affords novel 
views and conceptualizations of the world, for example by enabling the 
user to navigate along the axis of the scale dimension (e.g., time and 
space). Interfaces that integrate these types of affordances are often re-
ferred to as sensory substitution devices (Lenay, Canu, and Villon 1997) 
due to their potential to offer an experience usually perceived in a certain 
modality (e.g., vision), to be perceived in terms of another (e.g., touch). 
 In contrast with an interactive animation, a ZUI is controlled by the 
user and is constantly being updated during zooming. A touch-based ZUI 
offers the experience of movement due to the impression of approaching 
objects, thus stimulating an immersive experience (Bederson 2011). 
However, research on the affordances and constraints of highly interac-
tive interfaces such as ZUIs for teaching and learning about temporal 
scales remains scarce (Bederson 2011; Lee, Devillers, and Hoeber 2014). 
 Interactive digital technologies provide new opportunities for per-
ceiving and exploring tree representations through touch-based ZUIs 
(Hornecker et al. 2008; Block et al. 2012). Tree of life representations 
are often information-rich and convey several important aspects of biol-
ogy, for example the common descent of all organisms, how relationship 
between organisms have evolved through deep time and how this has re-
sulted in the present biological diversity. Since ZUIs enable users to 
move in tree representations both along branches in the metaphorical 
tree (in space) from the origin of life till present day (in time) they are 
promising visual tools for enhancing students’ interpretation of biologi-
cal relatedness and time in evolution. Nevertheless, very few studies have 
explored how ZUIs influence sense-making in information rich scenarios 
that communicate complex topics such as evolution. One exception can 
be found in studies that have been performed on an interactive touch ta-
ble application called DeepTree, (e.g. Block et al. 2012). While most at-
tention has been paid to collaborative learning with respect to this envi-
ronment (Davis et al. 2015; Horn et al. 2016), less attention has been 
directed to individual learning, let alone about temporal aspects of evo-
lution. It is this entry point that also motivates the empirical enquiry of 
this thesis. 
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Measuring understanding of static DET 
visualizations  
Many instruments have been developed to assess understanding of evo-
lution. A comprehensive compilation of such instruments is presented 
by Furrow and Hsu (2019). Among the 18 evolution concept inventories 
accounted for in their compilation, four probe phylogenetics and tree-
thinking and five probe natural selection. Notably, only one instrument 
– the Measure of Understanding of Macroevolution, (MUM) probed 
macroevolution (Nadelson and Southerland 2009). Five of the 27 items 
included in MUM concerned deep evolutionary time.  
 Taking a broader perspective and including test instruments encom-
passing geosciences and cosmology, I have selected a number of addi-
tional instruments that evaluate understanding of deep time and pre-
sented in chronological order starting with four successive studies con-
ducted by Trend (1998; 2000; 2001a; 2001b). Trend used various instru-
ments in these studies which investigated knowledge about geological 
time among 10, 11 and 17-year-old students, primary teacher trainees 
and primary teachers. The results revealed that the students had a very 
coarse-grained knowledge about absolute time represented as 
knowledge about events in Earth’s distant past, which tended to fall into 
broad categories such as “extremely ancient”, “less ancient” and “geolog-
ically recent” (Trend 2000; 2001a). 
 Thereafter, Dodick and Orion developed three test instruments, the 
Geological Time Aptitude, which tested the ability to recreate and repre-
sent the transformation of geological structures over time among junior 
and senior high school students’, and the Temporal Spatial Test, which 
assessed students’ ability to relate spatial and temporal thinking, and the 
Strategic Factors Test that evaluates how temporal knowledge is influ-
enced by dimensional factors (Dodick and Orion 2003b) 
 Later, Hidalgo, Fernando, and Otero (2004) investigated high school 
and technical school students’ declarative and procedural knowledge 
about temporal location, temporal arrangement, and time intervals in 
geological time. They found that the students lacked knowledge in locat-
ing relevant geobiological events. Furthermore, the authors emphasized 
the importance of understanding of durations in geological time. 
 In accordance with (Trend 2000) and Hidalgo, Fernando, and Otero 
(2004), Catley and Novick (2009) concluded that many university stu-
dents lacked a cognitive framework to make sense of DET. To investigate 
university students’ understanding of even longer time periods extend-
ing back to cosmological time (13,8 Bya), as well as very short time inter-
vals, Lee et al. (2011) developed and validated a test instrument which 
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confirmed that it is possible to measure students’ ability to appreciate 
temporal magnitudes with the instrument. 
 More recently, and in the context of cosmological time, Colantonio et 
al. (2021) investigated high school students’ knowledge about events in 
the history of the universe based on an open-ended questionnaire. In ac-
cordance with several other studies (e.g., Catley and Novick 2009; Trend 
2001b), the findings showed that students’ knowledge about temporal 
aspects was sparse. 
 Considering the centrality of DET in several sciences, and how de-
manding DET is to grasp, it is imperative to explore the potential of vis-
ualization in enhancing and supporting students’ learning about these im-
perceptible time scales. 

Teaching and learning about Evolution 
A volume of research articles in relation to teaching and learning evolu-
tion reveals that it is a challenging subject for teachers as well as stu-
dents. Multiple reasons for this situation have been identified. In this re-
view, I concentrate on cognitive, affective and pedagogical factors of im-
portance in evolutionary learning. To situate these factors in a broader 
context, I first account for a categorization of factors that influence evo-
lution learning in general, formulated by Nehm and Schonfeld (2008) 
and reiterated by (Smith 2010a). According to Smith (2010a), factors 
that influence learning evolution can be grouped into the a number of 
main categories. 
 The first main category are the cognitively related factors that influ-
ence learning about evolution, which include general factors relevant in 
most science education endeavours, such as learners’ prior conceptions 
(Sinatra, Brem, and Evans 2008; Ausubel 1978), and knowledge about 
the nature of science (Smith 2010b). Research shows that there are cer-
tain underlying and innate psychological factors which strongly influ-
ence and hinder learning about evolution in general (Sinatra, Brem, and 
Evans 2008; Kampourakis 2020). Among these factors are students’ in-
clination toward teleology (the assumption that objects are made for a 
purpose, based on need), essentialism (Kampourakis 2020) (the as-
sumption that objects have a once and for all fixed and set “essence” or 
nature) and intentionality (the assumption that objects may be caused 
by an intentional agent). One approach for addressing these factors 
would be to stress macroevolutionary aspects to a greater extent in order 
to reach a balance of focus on both short term and long term perspectives 
in teaching and learning evolution (Catley 2006; Catley and Novick 
2009; Smith 2010a; Estrup and Achiam 2019). A cognitively demanding 
aspect of evolution in relation to learning about DET is the temporal 
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magnitude that spans approximately 3,7 By (Pearce et al. 2018). Grasp-
ing such magnitudes and being able to move between scales of vastly dif-
ferent magnitudes is challenging for students (Lee et al. 2011; Resnick et 
al. 2017).  
 A second main category comprises a large body of research regarding 
how beliefs and worldviews influence learning about evolution (Nehm 
and Schonfeld 2008; Evans 2008; Cobern 1996; Hansson and Redfors 
2006). Kampourakis (2020) and (Smith 2010a) discusses this topic in 
detail. This issue lies beyond the scope of this review, so I will not discuss 
it further, but it is still important to keep in mind that religious beliefs, 
and fundamentalism in particular, have been shown to outweigh several 
other factors, such as educational level (Mazur 2004).  
 A third category of factors that influence learning about evolution are 
affective and attitudinal factors, for example motivation, which has been 
shown to strongly influence learning about evolution (Mazur 2004; Si-
natra, Brem, and Evans 2008). In his review of the status of research in 
teaching and learning evolution, Smith (2010a) also discusses the role of 
religious beliefs, attitudes and motivation in evolution learning. 
 A fourth category of factors that influence learning about evolution 
are the pedagogical. These factors include teacher goals, attitudes, mis-
conceptions, but also how well teachers and textbooks clarify terms 
within the context of evolution. For example, the terms adaptation and 
competition both have additional connotations in everyday life which 
imply purpose, striving, and agency (Moore et al. 2002; Smith 2010a; 
Andersson and Wallin 2006). Another pedagogic aspect regarding lan-
guage, which Smith (2010a) discusses, is to what extent metaphors and 
analogies encourage teleological or anthropomorphic thinking. 
 Other factors that influence learning about evolution mentioned by 
Smith (2010a) include contextual factors (e.g., home environment and 
exposure to media messages) and demographic factors, for example age, 
gender, academic status, and prior study in evolution. Despite available 
teaching strategies and tools that have been developed over the past 
30 years that have contributed to fruitful strategies for teaching evolu-
tion, teaching and learning about evolution remains challenging (An-
dersson and Wallin 2006; McVaugh et al. 2011; Nehm and Reilly 2007; 
Nelson 2008; Sinatra, Brem, and Evans 2008). In summary, much re-
search has been conducted on challenges in teaching and learning about 
evolution, but apart from static phylogenetic trees, less attention has 
been paid to the role of other visual metaphors commonly used in teach-
ing evolutionary biology.  
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Interpretations of phylogenetic trees 
Much research has confirmed that interpreting phylogenetic 
trees are challenging for novices (e.g., Baum, Smith, and Do-
novan 2005; Catley, Phillips, and Novick 2013) and often 
associated with misinterpretations (e.g., Meir et al. 2007; 
Gregory 2008). For example, Meir et al. (2007) identified 
four major misconceptions about evolutionary trees: Incor-
rect mapping of time (e.g., backwards time axes), reading 
across the tips (i.e., that tip proximity indicates relation-
ship), node counting (i.e., that more intervening nodes be-
tween two taxa necessary indicates more distant relation-
ships) and that straight lines depict no change (i.e., that 
changes only occur at nodes). These four misconceptions 
were also observed by Gregory (2008) who also identified 
five further misconceptions: the erroneous notion of 
“higher” and “lower” taxa, the erroneous perception of a 
“main line” with “side tracks”, the erroneous idea that mod-
ern species have different lineage ages, the inability to dif-
ferentiate between a sibling and an ancestor, and the erro-
neous idea that a higher degree of similarity necessarily in-
dicates a closer relationship. Subsequent research has also 
confirmed the occurrences of several of these misconcep-
tions (e.g., Baum 2008b).  
 Some of the challenges described above are reinforced by 
the tendency to narrate a coherent singular evolutionary 
story instead of a branching and highly diverging evolution-
ary history (O’Hara 1992). This tendency is reinforced by the 
deeply rooted and historically ingrained developmental no-
tion of “ladder thinking” and teleological reasoning which 
leads to interpretations of evolutionary “progress”, (e.g., the 
tendency to identify a “main” line among other “sidelines” 
and to conceive of taxa in terms of ”higher” and “lower”). 
Aristotle presented the influential notion of Scala Naturae 
(Figure 15), a great chain of beings that reflected a divine 
plan which described the true order of nature (Gontier 
2011). The scale, or ladder, ascends upward to higher, more 
perfect and complex subjects. The notion of a Scala Nature 
was later incorporated into the three Abrahamic religions, 
Judaism, Christianity and Islam (Gontier 2011). Im-
portantly, the Scala Naturae did not reflect any evolution be-
tween the depicted entities, it was a means to communicate 
the hierarchical order of the subjects. As such, it did not 

Figure 15.  
Aristotle's  
"Scala Naturae". 

 



 

50 
 

incorporate any temporal dimension. In this way evolutionary thinking 
risks becoming a mere temporalisation of the “Scala Naturae”, (O’Hara 
1997). However, contrary to conventional ways of narrating evolution, 
phylogenetic trees do not recapitulate any specific linear story, rather a 
multitude of branching evolutionary scenarios with a common beginning 
but without any particular middle or ending (Baum and Smith 2012). 
Therefore, there is no inherent specific main line with side-lines. As vis-
ual communication tools, this makes them different from common sto-
rytelling and more difficult to interpret (Matuk and Uttal 2012). O’Hara 
(1992) points to other important narrative aspects that can bias the per-
ceived visual information. For example, by focusing on certain lineages 
while other lineages are less well detailed or omitted by pruning the tree 
(cf. Matuk 2007). The design of a phylogenetic tree is the result of choices 
which creates a narrative landscape with a foreground and a background, 
a focused line (often anthropocentric), which in turn, has a higher reso-
lution in terms of details (O’Hara 1992). This is illustrated in Figure 16 
where A is a fully detailed tree with 31 clades whereas B is a simplified 
version where the tree has been pruned to show only 15 clades. The tree 
in C is a heterogeneously pruned tree with a higher resolution leading to 
clade 30 and 31. Thus, even though clade 2, 14 and 31 are visually de-
picted on the same level, they actually represent a very different number 
of subclades (8, 2 and 1, respectively). The information visually commu-
nicated in diagram A versus C is different in several senses due to the 
choices made in the design of the tree which affects visual communica-
tion of the tree. 

 
Figure 16. How pruning of a tree affects the visual communica-
tion of the information. Image adapted from O’Hara (1992). 
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All of the factors mentioned above play a role in how phylogenetic dia-
grams are constructed, perceived and conceived (O’Hara 1992). Thus, 
the interpretation of diagrams is dependent on prior knowledge, or lack 
thereof, in a top-down manner (i.e., prior conceptions affect perception). 
In addition, the perceptual experience of facing tree diagrams also affects 
the interpretations in a bottom-up manner (i.e., that perception affects 
conception) in terms of gestalt principles (Liu and Novick 2021). This is 
exemplified in Figure 17. When asked about whether frogs are more 
closely related to humans than lizards, erroneous preconceptions, as well 
as the grouping of organisms at the branch tips, reinforce erroneous in-
terpretations to a higher degree in Figure 17A compared to Figure 17B. 
In Figure 17B the order of organisms along the branch tips have been re-
arranged to counter the tendency to read across the tips (due to Gestalt 
grouping). 

 
Figure 17. Example of how the perception and interpretation of diagrams is depend-
ent on prior knowledge (conceptions) as well as by perceptual influences in terms of 
Gestalt principles. Both diagrams depict the same topology but the tendency to as-
sume that the frog is more closely related to fish than humans is more pronounced in A. 
Image inspired by Baum, Smith, and Donovan (2005) 

In summary, much research has been devoted to “tree-thinking”, not 
least to identifying misinterpretations of these diagrams. Progress has 
been made in distilling an understanding of the challenges at play, but 
research focusing on dynamic and interactive tree of life representations 
has been much less prevalent. Considering the growing use of such visu-
alizations, also calls for analysis into whether, and in that case how, they 
might present both new challenges and opportunities for teaching and 
learning evolutionary biology. 

Teaching and learning about deep time 
If the somewhat less clearly defined notion of deep time (McPhee 1982) 
within the geosciences is restricted to the age of the Earth, then DET con-
stitutes the portion of deep time during which life has existed on Earth 
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during approximately 3,7 By (Pearce et al. 2018). The necessity for im-
mense times in evolution was realized by Darwin, but despite the central 
role of deep time in evolutionary theory, DET is still a very challenging 
concept for many learners (Catley and Novick 2009; Dodick 2007; Trend 
2001b). The interconnectedness of deep time and evolution is also ap-
parent in certain definitions of evolution, for example, reiterating Hen-
derson’s dictionary of biology (Lawrence 2011, 190) where evolution is 
defined as “the development of new types of living organisms from pre-
existing types by the accumulation of genetic differences over long pe-
riods of time”. Since evolution occurs between generations, large num-
bers of generations are required in processes such as speciation, which 
entail thousands and even millions of years.  
 During the years surrounding 2000, several studies were conducted 
to explore the understanding of deep time among different populations 
of students and teachers (e.g., Trend 1998; 2000; 2001a; 2001b; 
Libarkin, Kurdziel, and Anderson 2007; Truscott et al. 2006). The re-
sults generally indicated a crude knowledge about deep time and that 
knowledge about relative time was superior to knowledge about absolute 
time (Libarkin, Kurdziel, and Anderson 2007; Trend 2000). 
 Cheek (2010) analyses and discusses three factors of importance in 
understanding deep time; knowledge about large numbers (Cheek 2012; 
2013a), understanding conventional time (Cheek 2013b), and geoscience 
content knowledge to provide a framework of reference points based on 
which new information can be evaluated (cf. Clary, Brzuszek, and Wan-
dersee 2009). These three factors form the basis for a model of the foun-
dation of understanding deep time. Cheek (2010) concludes that these 
aspects are important and necessary but not sufficient. She argues that 
they need to be complemented with additional aspects, for example spa-
tial skills (cf. Cheek, LaDue, and Shipley 2017) and considerations in re-
lation to metaphysical beliefs. 
 What then are the major aspects, and challenges, of understanding 
deep time? Hidalgo, Fernando, and Otero (2004) investigated students’ 
knowledge about aspects of time: their ability to locate events in time, 
their ability to order events chronologically, and their ability to manage 
time intervals. Many studies have investigated learners’ comprehension 
of relative order of events (e.g., Trend 1998; 2001; Libarkin, Kurdziel, 
and Anderson 2007; Catley and Novick 2009), estimations, and compar-
isons, of time intervals (Dodick and Orion 2003b; Cheek 2013a). An ad-
ditional relevant temporal aspect is comprehending concurrency which 
has been explored in the context of cognitive load (e.g., Mayer and 
Moreno 2003).  
 In the following, I elaborate on yet another major challenge identified 
in the research literature – scales and transitions between scales. 
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Teaching and learning about temporal scales  
Evolutionary temporal scales and visualizations involving DET have 
been identified as pivotal for understanding evolution (Catley and 
Novick 2009), but remain challenging and can constitute important ob-
stacles in learning evolutionary biology (Smith 2010a). DET spans mag-
nitudes far from human experience and requires knowledge about how 
to move between different orders of magnitude. This dual challenge for 
learning scales (knowledge about magnitudes and scale linking) was ex-
plicated in a literature review by Cheek, LaDue, and Shipley (2017) who 
explored the meaning of scale in the research literature, either as “the 
magnitude of the extent of a dimension” or as “a relationship between ob-
jects or events”. They concluded that research regarding concepts of scale 
as magnitude is better covered by research than scale as a relationship. 
 Swarat et al. (2011) found that students could conceive scales as frag-
mented, linear, proportional and logarithmic, and that they faced prob-
lems in connecting timeframes of various magnitudes. Furthermore, the 
study showed that students rely very much on their visual experience. 
Later, Delgado and Lucero (2015) investigated learners’ knowledge in 
constructing scales spanning several orders of magnitudes. The results 
revealed that students tended to “spread out” events along the timeline 
to enable the presentation of all information, even if it violated the cor-
rect rendering. These results are in line with Nemirovsky and Tierney 
(2001) who found that learners were inclined to omit unknown or absent 
data from their representations to augment the narrative. As aforemen-
tioned, this inclination to incoherently vary different parts of temporal 
representations motivated Lee et al. (2011) to caution against these kinds 
of manipulations since they often reinforce the “compression effect” 
(Longo and Lourenco 2007). 
 A specific problem addressed by Resnick et al. (2017) relates to prob-
lems associated with transitions between scales of different magnitudes, 
otherwise known as temporal scale linking issues. Three different tech-
niques for analogical reasoning were investigated, namely structural 
alignment (when the base concept and the target only differ in magni-
tude), progressive alignment (similar to structural alignment but involv-
ing additional intermediate steps that enables comparisons of magni-
tudes even further apart) and hierarchical alignment (similar to progres-
sive alignment but visualizes the hierarchical organization of all preced-
ing intermediate steps within each new analogy to stress shared rela-
tional structures between the base, intermediate, and target concepts). 
The authors concluded that using structural, progressive, and hierarchical 
alignment, especially combined with feedback and multiple opportunities 
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to align magnitude relations on a spatial linear scale, is effective for stu-
dents’ understanding of a linear representation of magnitude.  
 In summary, learning about magnitudes has proven challenging for 
many students, and much research has been devoted to teaching and 
learning about scales. However, the influence of dynamic visualizations 
on learning has received less attention. Considering the potential for new 
technologies to offer novel avenues for teaching and learning about 
scales involving dynamic and multimodal experiences might advance 
knowledge in this research domain. On this note, research regarding how 
high interactivity visualizations can promote affective responses is a 
scarcely investigated area. 

Affective responses associated with interactive 
visualizations of biological and evolutionary themes 
Educational settings in general are rich in affections (Pekrun 2014) not 
least in teaching and learning evolutionary biology. For example, Sina-
tra, Brem, and Evans (2008) reported observations of anxiety within stu-
dents, which negatively impacted learning, while Heddy and Sinatra 
(2013) demonstrated that transformative experiences resulting from 
learning about evolution among students resulted in expressions of en-
joyment which potentially could promote learning. To many students, 
evolutionary biology presents counterintuitive facts such as unexpected 
relatedness (Hecht et al. 2020), that evolution proceeds without deliber-
ate agency (Moore et al. 2002) as well as unexpected and imperceptible 
magnitudes of time and diversity which can elicit a plethora of affective 
responses. As noted, Darwin (1859) expressed affective expressions in 
relation to several of the central concepts of evolution, for example the 
vastness of time, common descent of living organisms, their interrelat-
edness and diversity, as well as the multitude of biological forms and 
functions. Given this predicate, it is surprising that so little research has 
investigated the interrelationship between affective responses and cen-
tral biological and evolutionary concepts.  
 The combination of communicating concepts related to biological and 
evolutionary themes by means of interactive visualization technology of-
fers opportunities to explore the relationship between affective re-
sponses and learning. However, very few studies have been conducted 
on this theme. Findings by Chirico et al. (2017) revealed the affective re-
sponse of awe when exposed to immersive visualizations of natural 
scenes (forests, mountains, and Earth viewed from deep space) and 
Sheppard et al. (2008) demonstrated that “feelings” and “emotions” 
were elicited by three-dimensional visualizations depicting the implica-
tions of climate change, especially in landscapes that were rendered in a 
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realistic way. Also, observations by Block et al. (2012) while investigating 
an interactive visualization of the Tree of Life (DeepTree) revealed that 
9% of all utterances were affective responses. Considering the potential 
of affect to enhance teaching and learning about evolution, there is a 
need for further exploration in this research area.  
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4. Methodology 
Following laying the theoretical underpinning of the thesis in the previ-
ous chapters, this chapter presents the methodological framework 
adopted in line with the described theoretical foundation. The method-
ology implemented in this research is described in six sections. Firstly, 
the overall methodological approach adopted in response to the research 
questions of the thesis is provided. Secondly, a description of the visual-
izations used in the included papers are presented. Thirdly, the study 
context and participants are presented. Fourthly, I account for the data 
collection and analytical procedures. Fifthly, the ethical considerations 
are elaborated, and finally, the validity and reliability of the implemented 
methodology along with potential limitations, are presented. 

General methodological approach 
The papers included in this thesis represent four empirical studies where 
students engage with visual representations of DET in various contexts. 
All included studies are concerned with generating and analysing data 
obtained from students’ individual interpretation of visualizations of 
DET. Apart from Paper III and IV, which were founded on the same data 
corpus, all studies were concerned with different forms of visualizations, 
and various data collection and data treatment procedures. All the in-
cluded studies are of a descriptive and exploratory nature. 
 A compilation of the overarching methodological approach adopted 
in the thesis is captured in Table 1. The table serves as an overview and a 
summary of the methods employed in each separate study as well as 
providing examples of visualizations employed. 
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Visualizations of DET along  
a continuum of interactivity 
The choices of representations investigated in the study were motivated 
by the aim of the thesis to illuminate how students perceive and interpret 
visualizations with varying degrees of interactivity. Thus, the included 
studies in this thesis are presented along a continuum based on the de-
gree of opportunities to interact that the employed type of visualization 
in each study has (Table 1). In this continuum, interactivity is ascribed as 
the opportunity to physically interact with visually represented infor-
mation. Such interactions could be in the form of using a device to click 
on visual icons or using one’s fingers to manipulate and alter visually dis-
played information. First, the design and validation of a test instrument 
probing students’ interpretation of static, non-interactive images is pre-
sented. Second, a study regarding students’ interpretation of visualiza-
tion with a low degree of interactivity opportunities is reported. Third, 
two studies concerned with students’ interpretation of visualization with 
a high degree of interactivity opportunities are described.  

Visualization of DET in static form  
(non-interactive visualizations) 
In Paper I, all visualizations were in static form and non-interactive dig-
ital representations of DET. Although “static”, it is important to note that 
visualizations of DET in this form can be highly multivariate, encourag-
ing comparisons and exploration, making inferences (Tufte 2013). An ex-
ample of a visualization is shown in Figure 18A which communicates the 
emergence, extinction, and duration of nine hominin taxa, as well as or-
der and concurrency of the different organisms. Two other examples are 
depicted in Figure 18B and C which show the order and relatedness of six 
taxa, each with a respective “narrative”, that is, a unique lineage which a 
learner can choose to focus on.  
 The items used in Paper I were selected in a first round as examples 
of frequently used visualizations that incorporated DET spans and in a 
second round, after piloting the test instrument based on their loadings 
on the latent factor in the validation step. The selection of items in the 
first round was further motivated by striving to include visualizations 
that conveyed DET in various ways. The images used are inspired by, and 
similar to, commonly used visualizations in textbooks and educational 
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resources that communicate DET. Three examples of visualizations used 
in the test instrument are illustrated in Figure 18. 
 

 
Figure 18. Three examples of visualizations used in development of a test in-
strument to measure upper secondary and undergraduate university stu-
dents’ knowledge in relation to interpreting and understanding the visual 
communication of DET. 

Visualization of DET with a low degree of interactive  
opportunities (low interactivity visualization) 
In Paper II, an animation with possibilities to interact that included in-
fluencing the playback (i.e., play, pause and fast forward or rewind) was 
used. I developed the animation inspired by various visualizations used 
to communicate the evolution of hominins in time and space. The soft-
ware employed in the production of the animations were Adobe Pho-
toshop and Adobe After Effects.  
 Although the subject of hominin evolution is sometimes considered 
as anthropocentric, visual communication of human evolution, and our 
own evolutionary history is highly motivating for students (Besterman 
and Baggott La Velle 2007). Furthermore, hominin evolution spans ap-
proximately the last 7 My which covers an imperceptible time scale but 
still far from most of the temporal magnitudes included in Paper I, III 
and IV. This animation is well suited to exemplify a visualization with a 
low degree of interactivity opportunities and represents a rendering of 
evolutionary sequences which is less common.  
 In designing the interface of interest to Paper II, I addressed the con-
text of science education at the upper secondary and undergraduate level 
for a non-specialist. All design choices were made with consideration to 
this audience and the aim of the study. Several constraints were intro-
duced in the implementation of the design to avoid extraneous cognitive 
load such as limiting the explanatory text and positioning it in close prox-
imity to the animated features. Also, only a limited number of well-es-
tablished taxa were presented in the animation. For example, the deci-
sion to exclude the Americas was based on avoiding reducing the 
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geographic scale. This decision was reinforced by the fact that no new 
hominin species emerged since the spread of humans to the Americas. 
 Prior to the design implementation of the final version of the anima-
tion for the study, I tested a prototype animation in a pilot study with 12 
students. Also, verbal feedback from four students in this group were 
gathered and considered while refining the prototype and finalizing the 
animations used in the study. The design of the final animations consists 
of a map onto which animated areas representing the changing dispersal 
and distribution of a different species, or groups of species are superim-
posed (Table 1 and Figure 19). All animations are 3,5 minutes in dura-
tion. This duration was chosen in an attempt to strike a balance between 
being sufficiently long enough to display shorter time intervals (e.g., the 
existence of Homo sapiens), while also avoiding prolonged time periods 
with few events more than necessary. It was foreseen that this would en-
able participants to compare very long and very short time intervals.  
  

 
Figure 19. The interface of animation A and B shown in the left map (I) and the 
interface of animation C and D shown in the right map (II) during the same instance 
in the animated sequence of events. 

Four different versions of the same evolutionary sequence of events were 
visually communicated with different temporal legends2 that varied in 
two aspects. First, whether the time rate was the same and linearly re-
lated to real time throughout the animation, or if the time rate succes-
sively slowed down in two steps. Second, whether one and the same time-
line was used throughout the animation or if two additional timelines 
with successively more detailed temporal information emerged as the 
animation reached the end of the visualization. A comparison of the  
various animations employed is provided in Table 2. 
  In all animations, an animated cursor moving along the timelines  
indicated the time in the animation. Animation A had a constant time 
rate and one timeline. Animation B had a time rate that decreased in two 

 
2 All animations at: http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-153235 
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steps as the animation approached the present time and only one time-
line. Animation C had a constant time rate and three timelines of increas-
ing scales, two of which emerged as the animation playback approaches 
the present time. Animation D had a time rate that decreased as the ani-
mation playback approaches the present time and three timelines of in-
creasing scales, two of which emerged as the playback animation ap-
proached present time.  
 
Table 2. An overview of the differences between the visualizations. They differ in two as-
pects, namely whether one or three emergent timelines with increasing scales were  
presented, and whether the animated time rate was constant or variable. The leftmost col-
umn diagrammatically describes the animated time rate throughout the animation within 
each respective animation with the relevant time rate marked in red. The two columns to 
the right show the characteristics of each animation and their respective timeline(s). 

  

 
1 timeline 3 timelines with 3 scales 

Animated time rate constant  
(33333 years per second) 
 

 

Animation A 
(Constant animated 
time rate and one  
timeline) 
 

 

Animation C 
(Constant animated time 
rate and three timelines) 
 

 

Animated time rate varied  
(First 49500 years per second, 
then 25000 years per second and 
eventually 7200 years per second)   

Animation B 
(Variable animated time 
rate and one timeline) 

Animation D 
(Variable animated time  
rate and three timelines) 
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Visualization of DET with a high degree of  
interactive opportunities (high interactivity visualization) 
The visualizations used in Paper III and IV represents a high interactivity 
visualization of the Tree of Life called DeepTree. It was developed and 
evaluated at the Harvard Museum of Natural History (Block et al. 2012) 
and communicates the full evolutionary history of life on Earth. The  
application was originally implemented as a museum exhibit with an in-
teractive touch table interface which comprises approximately 70 000 
species. One explicit aim was to include evolutionary time in the appli-
cation which was achieved through 200 internal nodes in the tree, la-
belled with their estimated time. 
 To combine overview with detail, a ZUI enables users to navigate, ex-
plore and control the displayed visual content (Börner, Chen, and Boyack 
2005). DeepTree can be operated by several users simultaneously as well 
as by a single person (see link to demonstration of the DeepTree interface 
developed by Block et al. (2012)3. 
 A prominent interactive affordance of DeepTree is the zooming fea-
ture. One way of zooming is illustrated in Figure 20a which shows how 
an automatic zooming can be achieved by tapping a finger on one of the 
species which leads to zooming towards that species. It is also possible to 
automatically zoom “in” towards the MRCA of two species using a feature 
called “pairwise comparison” as shown in Figure 20b. Another way of 
zooming can be achieved by moving a finger up or down causing a zoom-
ing in or zooming out effect respectively as shown in Figure 20c and d. 
 

 
Figure 20. Three interactions available in DeepTree for zooming into the displayed 
tree of life, namely, automatic zooming in by finger contact with a displayed  
organism (a), zooming in by pairwise comparison (b), or manual zooming in by a 
downward dragging finger (c and d). 

 
3 https://www.youtube.com/watch?v=dpo9iK26el8 
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Study context and participants 
As summarised in Table 1, in the study involving non-interactive visual-
izations (Paper I), 351 students participated from three main groups, 
university students, university bridging year students, and upper sec-
ondary students. The individual participants were free to respond to the 
items with a device of their choice (e.g., mobile, tablet or computer).  
 In the study involving a low interactivity visualization (Paper II), 144 
students enrolled in teacher education and a university bridging course 
participated and did so as part of a course in science education and biol-
ogy respectively. The course context they responded in was a computer 
lab which contained desktop computers.  
 In the studies involving a high interactivity visualization (Paper III 
and IV), 10 upper secondary students participated individually in a clin-
ical interview setting. For more details regarding the study context and 
participants, please consult the respective included research papers. 

Methodological data collection and analytical procedure 
Two main data collection modes were employed to generate data. In the 
studies involving non-interactive and low interactive visualizations  
(Paper I and II respectively), a web questionnaire was employed (see  
Appendix IV and V respectively). In the studies involving a high interac-
tivity visualization (Paper III and IV) semi-structured interviews were 
employed (see Appendix VI).  
 The analytical procedures used to treat the data were as follows: In 
the study involving non-interactive images, quantitative factor and psy-
chometric analysis was employed. In the study involving a low interac-
tivity visualization, deductive analysis of correct-incorrect answers was 
employed, and in the study involving a high interactivity visualization 
inductive and deductive analysis of interview transcripts and video re-
cordings was performed (see Table 1). For further specific details of the 
data collection and analytical procedures please consult the respective 
research papers. 

Ethical and confidentiality considerations  
The studies included in this thesis all adhered to the principles formu-
lated in Good Research Practice (Swedish research council 2017), The 
European Code of Conduct for Research Integrity (ALLEA, the European 
Federation of Academies of Sciences and Humanities 2017), Forsknings-
etiska principer inom humanistisk-samhällsvetenskaplig forskning 
(2002). All the studies were conducted in accordance with the ethical 
standards of the 1964 Helsinki declaration and its later amendments or 
comparable ethical standards.  
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 Central to studies involving humans are the four principles expressed 
in ”Forskningsetiska principer inom humanistisk-samhällsvetenskaplig 
forskning” (2002). These four principles are: The principle of i) infor-
mation (the researcher shall inform the participants of the purpose of the 
research), ii) consent (the participants have the right to independently 
decide whether they will participate or not), iii) confidentiality (all par-
ticipants shall be given the highest confidentiality and personal infor-
mation has to be stored in such way that it can only be accessed via au-
thorization and iv) utility (that collected data regarding individual infor-
mation can only be used for research purposes).  
 All principles were considered in this research as follows: Firstly, all 
participants were informed about the purpose of the study and the role 
of their contributions. They were also informed that their participation 
was voluntary and that it could be suspended at any time prior to report-
ing of the study. Second, all participants provided their informed consent 
to participate in data collection and subsequent analysis. In Paper I this 
was done in a digital format (see Appendix I) on the welcome screen 
which provided information about the objective of the study and how the 
data would be stored and secured to remain confidential. Consent to par-
ticipate was approved by ticking the box beside the statement that read 
“I agree”. In Paper II, III and IV (see Appendix II and III respectively) 
informed consent information was provided in hard copy. Third, none of 
the potential personal information that was collected in Paper I (e.g., age, 
gender, interest in, and pre-knowledge about, evolution) is possible to 
connect to any particular individual participant. The integrity of the par-
ticipants was protected by treating it confidentially and storing it accord-
ing to the EU General Data Protection Regulation (GDPR). No sensitive 
personal information was handled or collected in any of the studies. 
Fourth, all data collected, analysed and communicated in the included 
papers of the thesis were used exclusively for scientific purposes. More-
over, no external parties were involved in the research and no personal 
information has been handled by any external person or entity. In Paper 
III and IV the only person who met and communicated with the partici-
pants was the doctoral candidate. I also performed the transcription of 
the interviews, where I ensured that no potentially identifying infor-
mation was included and that no information with any references to in-
dividual persons, schools or places occurred in the data. The video re-
cordings were conducted so as not to expose any facial characteristics. 

Validity and reliability of the methodological procedures 

In all studies, validity and reliability were sought. The aim of Paper I was 
to develop and validate a diagnostic tool with a general purpose, and 
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traditional views of reliability may therefore be more relevant for this 
study.  

In terms of the approaches in papers II, III and IV, the concept of re-
liability is assigned as per that proposed by Noble and Smith (2015) 
through the term “consistency”, which relates to the trustworthiness of 
the undertaken research. Consistency is associated with the credibility of 
qualitative research, and sought in Paper III and IV, which were largely 
concerned with exploring and describing students’ interpretations of a 
visualization in a specific context, rather than seeking generalization. 
While striving for validity and reliability are both important, in explora-
tory and flexible approaches, pursuing validity is sometimes more para-
mount than pursuing reliability alone.  

Several definitions for validity abound the literature. In this thesis I 
adhere to the common definition expressed by the question “Are we 
measuring what we think we are?” (Hammersley 1987). There are several 
aspects of validity, for example construct validity (i.e., if the instrument 
correlates with the theoretical construct it is intended to measure), face 
validity (i.e., if the instrument “appears” to measure it is intended to 
measure), as well as internal and external validity, and content validity. 

The data collection in paper I was based on test items that were con-
tent validated by a panel of 11 people including upper secondary teachers, 
university teacher educators, an educational psychologist, subject matter 
experts and science education researchers. All items were validated by at 
least five experts. The understandability of the test items was also as-
sessed by three persons with no specialized knowledge regarding DET in 
a think-aloud session where they responded to items in the pilot instru-
ment. Readability of the items was further assessed by the Flesch–Kin-
caid formula.  

The test items used in paper II (which involved the low interactivity 
visualization) were jointly developed by two researchers, both experi-
enced in teaching university students. The piloting further contributed 
to consistency. To identify any potential influence of variations among 
the participants we assessed prior knowledge of hominin evolution, abil-
ity to interpret graphical representations of timelines, and ability to com-
pare the size of graphical objects. No difference between the groups was 
observed.  

In paper III and IV, the data collection was performed in the form of 
semi-structured clinical interviews. The items were validated by the pre-
ceding piloting steps and jointly developed by the three co-authors. Fur-
thermore, the items were consistently administered during the clinical 
interview. The environment was consistent as well as the semi-struc-
tured interview protocol underpinning all interviews, which were all per-
formed by the same interviewer, which should serve to strengthen 
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consistency. Finally, the temporal aspects that had emerged during ear-
lier work were integrated with the framing of the subsequent items which 
further ensured their consistency. 

 Three main data analysis procedures were employed in the four in-
cluded studies. First, exploratory factor analysis and psychometric anal-
ysis was employed in Paper I, which provided quantitative measures of 
construct validity and reliability (Cronbach’s alpha) based on the item 
measurement properties. Second, in Paper II descriptive summary sta-
tistics were employed. To ensure validity and reliability in the items that 
required any assessment, (i.e., evaluation as scientifically acceptable) the 
two authors discussed and agreed upon criteria to be considered as cor-
rect or incorrect (e.g., the extent of deviation from an exact timing of an 
event). Third, a combined inductive-deductive approach was employed. 
The coding of the inductive themes in Paper III was performed by two 
researchers which revealed inter-rater reliability. In Paper IV, the use of 
operational definitions ensured validity and consistency. The same two 
researchers jointly coded the connections between the affective re-
sponses and respective conceptual themes as well as zooming interaction 
in an iterative manner.  

While performing research in science education, it is important to 
consider as many factors as possible and to be aware of distortions that 
may be influencing emerging findings. One way to pursue this is to em-
ploy a range of methods in response to the research questions (Robson 
2011), which I attempted to apply by collecting data during four time pe-
riods from different contexts (upper secondary students, university 
bridging course, and university students). In this regard, data triangula-
tion was a prominent feature of this work. Secondly, in addition to the 
author of this thesis, multiple researchers considered aspects of the data 
analysis and obtained data. In this regard, the thesis incorporated inves-
tigator triangulation. Thirdly, various deductive as well as inductive ap-
proaches were used to treat the data. These two different approaches al-
lowed for added analytical perspectives for interpreting the data. Thus, 
the thesis used a multimethod approach, which meant the work em-
ployed a suite of qualitative and quantitative approaches for collecting 
and treating the data. Herein, the thesis adopted a high degree of meth-
odological triangulation (Thurmond 2001).  

Potential limitations of the work include a specific focus on a Swedish 
setting and a limited range of ages and educational levels. Also, a more 
balanced gender distribution might have minimized any potential gen-
der bias in the results, although this was not an empirical aim of the anal-
ysis. Furthermore, in paper I, volunteers with a non-representative high 
interest in science could potentially constitute a bias due to self-selec-
tion. However, the average item discrimination coefficient still indicated 
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an acceptable discriminatory power of the instrument (e.g., DiBattista 
and Kurzawa 2011; Grieger, Schiro, and Leontyev 2022). 

In addition, generic aspects such as subject reactivity (i.e., to what ex-
tent factors such as the nature of the items, interviewer or environment 
influence the emerging responses) and observer bias (i.e., the influence 
of the researchers’ expectations on the results) were also potentially im-
plicit factors that might have affected the results.  
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5. Synthesis of Results 
 
In this chapter I structure the results of the thesis in light of the inter-
active visualization continuum previously introduced and summarized 
in Table 1. Detailed descriptions of the study-specific results can be found 
in the respective research articles. 

Interpretations of visualization of DET  
in static form (non-interactive visualizations) 
Students’ interpretations of non-interactive visualizations were investi-
gated in Paper I (see Table 1). The specific objective of this study was to 
develop and validate an instrument to measure students’ knowledge in 
relation to interpreting and understanding the visual communication of 
deep evolutionary time (DET-Vis) (see Appendix IV). 
 Findings in the development and validation of DET-Vis showed that 
the median score was 7,5 (SD=2,44). The median time to complete all 
items was ten minutes and eighteen seconds, which is in line with  
recommendations for surveys online (Adams and Wieman 2011).  
Regarding deducing the number of factors to extract, the resulting scree 
plot displayed a distinct break after the first component indicating that 
one factor should be extracted. This interpretation was supported by par-
allel analysis, which exhibited higher eigenvalues for all factors except 
the first. 
 In contrast with the scree plot and parallel analysis, Velicer’s mini-
mum average partial test suggested extraction of two factors. Since all 
items loaded heavily on the first factor (>0,4) and with considerably 
lower values without any interpretable pattern on the second factor, we 
decided that a one-factor solution was most appropriate. Furthermore, 
all items except one had high communality values (>0,7) implying that 
the variance in the collected data is well described in terms of one latent 
factor which explained 43,6% of the variation. 
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Table 3. Item measurement properties of the deep evolutionary time visual instrument (DET-
Vis). The least and most challenging visual items in the test are indicated in bold, respectively. 
 

Item Item  
difficulty  
index 

Discrimination  
coefficient 

Cronbach’s  
alpha, if item 
deleted 

Factor  
loadings 

Communalities  

1 0,75 0,49 0,70 0,76 0,90 

2 0,79 0,39 0,71 0,66 0,93 

3 0,70 0,53 0,69 0,81 0,84 

4 0,59 0,25 0,74 0,43 0,99 

5 0,79 0,43 0,71 0,70 0,67 

6 0,69 0,46 0,70 0,73 0,75 

7 0,81 0,43 0,71 0,73 0,85 

8 0,56 0,38 0,72 0,62 0,96 

9 0,67 0,38 0,72 0,61 0,82 

10 0,73 0,25 0,73 0,46 0,96 

 

The item with the lowest difficulty index (i.e., the most challenging) was 
item 8, which is shown in Table 3 and Figure 21A. This item required the 
participants to be able to identify which two trees out of four had identi-
cal topologies by mentally rotating nodes. This item probed both declar-
ative and procedural knowledge; declarative knowledge since interpret-
ing the item requires knowledge about the meaning of nodes, including 
that it is only the topology that bears meaning, and procedural since it 
requires the necessary mental operations to be able to compare the vari-
ous trees. The item with the highest difficulty index (i.e., the least chal-
lenging) was item 7 shown in Table 3 and Figure 21B, which required the 
participants to identify the direction of the passage of time. To answer 
this item, declarative knowledge about the conventions used in tree dia-
grams of this type is required. 
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Figure 21. The most challenging (A) and least challenging (B) visual items of the vali-
dated DET-Vis. 

With regard to psychometric properties of DET-Vis, the item difficulty 
index revealed that the test had an overall moderate difficulty level rang-
ing between 0,56 and 0,81 (see Table 3). The item discrimination coeffi-
cient, expressed in terms of item-total correlation, ranged between 0,25 
and 0,53, with an average coefficient value of 0,40, which is considered 
as adequate (DiBattista and Kurzawa 2011; Grieger, Schiro, and 
Leontyev 2022). According to Cronbach’s alpha values with an item de-
leted, no poorly performing items were indicated. In summary, the psy-
chometric values support the notion of a single dimension of knowledge 
in relation to interpreting and understanding the visual communication 
of deep evolutionary time. 
 Items testing the comprehension of order of events generally per-
formed well. These findings are in accordance with prior research, for 
example by Libarkin, Kurdziel, and Anderson (2007) who found that col-
lege students were able to place geological time events in the correct or-
der . Items that included the temporal aspect of concurrency were asso-
ciated with a medium level of difficulty compared to the other items, 
whereas the item that required the ability to compare intervals (see item 
4 in Table 3) was among the most difficult to solve with a difficulty index 
of 0,59. 

A B 
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Interpretations of visualization of DET with 
a low degree of interactive opportunities  
(low interactivity visualization) 
The animations employed in Paper II represent an intermediate position 
in the described interactive continuum of visualization. The participants 
were able to control the playback (i.e., play, pause, fast forward or re-
wind) as shown in Figure 19. The test items are presented in Appendix V. 
     The focus of the study was to investigate how dynamic representations 
with different animated temporal legends (i.e., various numbers of 
timelines and various animated time rates) influence students’ ability 
to:

• find events at specific times
• comprehend the relative order events
• estimate the duration of a time interval
• compare different temporal durations
• comprehend the concurrency of events

The results revealed that the way deep evolutionary time is visualized 
impacts how it is perceived by students. When the same evolutionary sce-
nario is presented in different temporal ways, different temporal aspects 
tend to be comprehended differently. 
     As detailed in Table 4 the number of timelines (one versus three) 
proved to influence the results especially in item 2 and 8. These items 
required the ability to observe a specific event and estimate a temporal 
interval close to present time (see Appendix V). The number of timelines 
did not affect the results regarding how well relative order was compre-
hended, which was the least demanding task. Students using the anima-
tion with a constant time rate and several timelines (animation C) per-
formed poorer regarding ability to discern concurrent events compared 
to the students who engaged animations with successively decreasing 
time rates, especially close to present time.  
     Overall, students using the animation that combined several emerging 
timelines with a time rate that decreased while closing in towards present 
time (animation D) performed best. A noteworthy exception was the 
ability to compare the duration of two time-intervals that traversed parts 
of the timeline where the animated time rate and timeline scales 
changed. Here, students engaging with animation D performed worst. 
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Interpretations of visualization of DET with  
a high degree of interactive opportunities  
(high interactivity visualization) 

Cognitive aspects of students’ engagement with  
high interactivity visualizations of DET 
In Paper III, students’ interpretation of the DeepTree visualization was 
explored. The study is representative of highly interactive types of visu-
alization exemplified by the continuum of interactivity (see Table 1). 
 The aim of this study was to investigate how an interactive touch table 
visualization of the “Tree of Life” (Block et al. 2012) influences students’ 
interpretation of evolutionary time associated with this particular phylo-
genetic representation. Three research questions were addressed in this 
study: 
 

• How do students perceive and conceptualize zooming in Deep-
Tree? 

• How do students interpret temporal information and temporal 
relationships in DeepTree? 

• Are there any student misinterpretations concerning the tem-
poral aspects communicated by DeepTree? If so, can they be 
identified? 
 

All participants, except one, expressed the perception of zooming as 
movement. Students were prone to perceive the movement as motion in 
a spatial space, that is, along the branches within the metaphorical tree, 
or as motion in a temporal space (i.e., as a “time travel”). 
 Depending on the number of individual utterances about time or 
space, each student was assigned either to the time orientated group or 
the space orientated group. If the student generated six or more utter-
ances about movements in time, they were assigned to the time orien-
tated group whereas if the student made one or two time orientated ut-
terances, and made more space related utterances, they were assigned to 
the space orientated group (see Figure 22).  
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Figure 22. The time orientated group and the space orientated group revealed by an-
alysing students’ interpretation of DeepTree. 

The most frequent terms used to indicate directionality in utterances re-
garding movements in a temporal dimension was forward/backward, 
while the upward/downward directionality was only observed in utter-
ances regarding movements in a spatial dimension.  
 The lack of a coherent vertical time axis in DeepTree was challenging 
for students when they tried to locate events in time, since different lin-
eages are decoupled temporally except where they intersect. This made 
comprehending concurrent events and relative order hard, with the ex-
ception of order within a specific lineage. Since different lineages only 
share the same time at the nodes it was difficult for students to compare 
time intervals between lineages. This was reinforced by the students’ er-
roneous interpretation that zooming time was linearly related to the cor-
responding real evolutionary time interval. For the same reasons, com-
paring different temporal durations was difficult and yielded no correct 
responses.  
 Deductive analysis yielded two misinterpretations, namely that the Y-
axis was coherent, and that zooming time was linearly related to real 
time. Inductive analysis yielded two additional, unexpected misinterpre-
tations, namely that the branch tips of all represented species denoted 
present time and that more nodes (i.e., branching points) along a lineage 
corresponded to longer time. 
 An unanticipated finding emanating from the data collection was that 
half of the students thought that E. coli was more closely related to H. 
sapiens than other organisms, such as banana and yeast, which are actu-
ally much more closely related to humans. An example of this interpre-
tation is as follows: 
 

Student 3 (S3): I believe we are … more closely related [to E. coli] 
Interviewer (I): compared with [our relatedness to] yeast? 
S3: compared with yeast [confirmatory] 
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I: Okay, let’s see what happens  
[the student initiates a pairwise comparison and then observes 
the outcome which reveals the unexpected opposite result] 
S3: He.., nope [surprised response reinforced by increasing 
intonation] 
I: What do you think now, what does it mean.. what happened? 
S3: So, I thought that we are more closely related to it [E. coli] 
since we have it in the body..[as an explanation as to why they 
were surprised]. 

All students who held this belief might have based this assumption on 
the proximity between E. coli and H. sapiens since we host the bacteria 
in our digestive tract. To my knowledge, this erroneous reasoning re-
garding the basis for relationship has not been reported elsewhere. 

Affective aspects of students’ engagement with  
high interactivity visualizations of DET 
The aim of this study (paper IV) was to investigate whether affective re-
sponses are induced when pupils interact with the DeepTree visualiza-
tion that communicates evolutionary concepts. To this end, the following 
research questions were posed: 
 

1. What overall affective responses are evoked when interacting 
with DeepTree? 

2. Are the epistemic affective responses of surprise, curiosity, 
confusion, or awe generated during interaction with DeepTree?  

3. If so, what conceptual themes are the affective responses 
associated with?  

4. In what way are zooming interactions associated with the 
occurrences of the identified affective responses and associated 
conceptual themes?  
 

With regard to research question 1, the epistemic affective responses 
were most frequent (95) but also achievement affective responses (20) 
and topic affective responses (4) were observed. 
 In relation to research question 2 and 3, Figure 23 shows that the stu-
dents’ interaction with DeepTree was associated with all four affective 
reactions. A total of 95 affective responses were generated, where awe, 
surprise, and confusion were expressed in 31, 31, 25 responses, respec-
tively, while curiosity was expressed in 8 responses. 
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Figure 23. Revealed associations between conceptual themes and affective re-
sponses in students’ interpretation of DeepTree. 

Surprise was most saliently expressed in association with biological rela-
tionships (27), and confusion on 13 occasions with the same conceptual 
association. Awe was most frequently connected with evolutionary time 
(12) but also associated with biological diversity (9) and biological rela-
tionships (6). Most of the affective responses generated in association 
with common descent were awe (4). Curiosity was expressed 8 times of 
which 7 were associated with biological structure or terminology. 
 In response to the fourth research question, we investigated in what 
way zooming interactions were associated with the occurrences of the 
identified affective responses and associated conceptual themes. As de-
tailed in the methodology chapter, two types of associations were de-
fined: either the affective response was identified as directly zoom-re-
lated (occurring simultaneously or in direct connection with a particular 
zooming interaction enabled by the zooming feature) or as indirectly 
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zoom-related (uttered as a result of reflecting upon or discussing the out-
comes of previous zooming behaviours in general). 
 Overall, 57% (54/95) of all affective responses were directly zoom re-
lated and the remaining affective responses were indirectly zoom related 
(43%, i.e., 41/95). Regarding the conceptual themes common descent 
and biological structure or terminology, few (6 and 7, respectively) affec-
tive responses were observed, and the proportion of directly zoom re-
lated and indirectly zoom-related were almost equivalent. Biological di-
versity was also associated with few observations of affective responses 
(10), and it was the only conceptual theme where most of the affective 
responses (70%) were indirectly zoom-related. As illustrated in Figure 
23, most of the affective responses were associated with biological rela-
tionships and evolutionary time (46 and 26 respectively). In both these 
conceptual themes, the majority of the responses were directly zoom-re-
lated (59% and 65% respectively).  
 The most pronounced differences in the proportion of directly zoom-
related and indirectly zoom-related affective responses were found for 
the association between awe and evolutionary time, where 75% (9/12) 
were directly zoom-related. Since all students experienced the zooming 
interaction as a movement, and 5 of them as primarily a movement in 
time, this experience probably affected both perceptual as well as cogni-
tive aspects of the awe response which might explain this result. An ex-
ample of this association was expressed by student 6 (S6) while zooming 
towards H. sapiens: 
 

S6: Ha ha, that was very far ahead [increasing intonation 
reinforces the interpretation that timespan was unexpected] [. . .] 
Interviewer: How did you experience what you just saw?  
S6: that we are so very far ahead. or back in history. We 
[humans] are [occur] so very late compared to everything else . . . 
Very far back in time. we have something in common. But that it is 
very, very far back. 

The association between surprise and biological relationships revealed 
most responses: 16 directly zoom-related and 11 indirectly zoom-related. 
An example of an indirectly zoom-related response of surprise in associ-
ation with biological relationship was uttered by student 4, who stated 
while contemplating the outcome of an earlier pairwise comparison: “I 
thought that Velociraptor and Tyrannosaurus rex would be much more 
closely related but Velociraptor was much closer related to house spar-
row so that was really surprising”. Confusion was almost equally gen-
erated by directly zoom-related and indirectly zoom-related association 
with the various conceptual themes.  
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As visually communicated in Figure 24, a general pattern of affective re-
sponses that emerged from the data of the entire group of participants 
was that awe initially dominated, which probably was a consequence of 
the participants’ first encounter with the zooming feature, also indicated 
by the frequent direct connection between a zooming event and an affec-
tive response. Eight of the ten students expressed awe as their initial af-
fective response. During the mid-part of the interview session, confusion 
and surprise was predominant, while surprise and awe dominated dur-
ing the end of the interview sessions. 
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6. Discussion 
In this chapter I discuss the findings of the thesis in relation to the posed 
overall research questions and in light of related research in this domain. 

How do students interpret visualizations of deep 
evolutionary time in terms of associated temporal 
aspects? 

Temporal scales 
Aspects of understanding scales were present in all studies. Here, I will 
focus on two aspects of knowledge about scales: the magnitude of deep 
time and the relationship between various magnitudes (cf. Cheek, 
LaDue, and Shipley 2017), that is, the ability to move between and relate 
temporal scales. 
 As previously mentioned, Lee et al. (2011) caution against the use of 
visualizations that employ varying time rates since it risks complicating 
the understanding of temporal aspects. Such visualizations often have 
scales that focus on events rather than chronological time, which Boyd-
Davis (2013) calls event-based scales. The findings in this study support 
concerns raised with such scales, illuminated by students’ interpreta-
tions of animation D in paper II. This visualization was provided with an 
event-based animated time rate in the sense that the time rate slowed 
down towards the event-rich final component. This animation generally 
generated the highest or next highest scores on all items except in one of 
the items probing the ability to compare intervals, where there was a 
change in the animated time rate in one of the intervals.  
 In the high interactivity visualization used in paper III and IV, the 
magnitude of scales in terms of absolute numbers were difficult for stu-
dents to understand based on their experience of DeepTree. However, 
the sense of the immensity of time was successfully communicated as re-
vealed by the students’ affective responses. The immersive experience 
provided by the zooming feature added a third dimension to the interface 
which efficiently promoted a perception of movement among the stu-
dents, many of whom interpreted this as a movement in time. In this way 
the unexpected and unforeseen depth of DET became more accessible, 
as if suddenly opening up a new way of understanding which was re-
flected in the many expressions of awe. On this note, Meyer and Land 
(2003, 1) have described that threshold concepts “can be considered as 
akin to a portal, opening up a new and previously inaccessible way of 
thinking about something. It represents a transformed way of 
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understanding, or interpreting, or viewing something”. Findings in this 
thesis illustrate how visually communicated DET can provide new ways 
of accessing this often challenging concept and also evoke affective re-
sponses which potentially can aid in pointing out a fruitful future direc-
tion for teaching and learning about DET. 
 Kennedy and Hill (2018) claim that the feeling of numbers is often as 
important as the numbers themselves. I think that this is particularly rel-
evant in undergraduate studies. As this thesis reveals, there are strong 
indications that DeepTree successfully communicates the vastness of 
DET and biological diversity despite the difficulties for students to grasp 
several aspects of absolute time due to the lack of a coherent timeline and 
the dissociation between zooming time and real time. 

Locating Events in time 
The ability to find specific events in time is necessary to be able to answer 
several of the items in the DET-Vis instrument developed in Paper I. For 
example, three items (2, 5 and 6) required this ability (see Appendix IV). 
Two of these had a high difficulty index (0,79) but the third (item 6) had 
a lower difficulty index (0,69) which probably was due to a lower spatial 
resolution of the time scale. 
 Ten Berge and van Hezewijk (1999) claim that declarative and proce-
dural knowledge are intertwined. In terms of the items in the study, it is 
reasonable to assume that this is the case. Thus, the findings might point 
in the direction that non-interactive visualizations primarily required vis-
ual declarative knowledge based on diagrammatic conventions, but in ad-
dition, they also required at least some procedural knowledge to interpret. 
 In Paper II, the visualizations used, featured the temporal dimension 
explicitly and separately from the visualized map as an animated tem-
poral visual legend. The findings indicate that a decisive factor in finding 
events at specific times was the spatial scale and resolution of the scale 
bar in combination with the intensity of events occurring. This was 
clearly shown during the final part of the animation, closer to present 
time, which was rich in events as is typical in historical accounts (Boyd-
Davis 2013b). This entails a very event-dense final part of the timeline 
which might have imposed a high cognitive load due to the limited reso-
lution. This is a probable reason for why students using animations with 
only one timeline performed worse than students using animations with 
three timelines. Even the students engaging animations with three time-
lines found it challenging to identify specific events in time during this 
last phase. A reason for this might be the spatial and temporal separation 
of interrelated information similar to effects reported by Kalyuga (2007) 
and Peterson (1999) due to the split attention effect. Consequently, this 
might have resulted in a high cognitive load, reinforced by the addition 
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of a further visually emerging timeline during this very eventful but short 
time interval.  
 In the high interactivity visualization used in Paper III and IV, stu-
dents were able to locate events at specific times relatively easily, pro-
vided that these times points were explicitly expressed in the visualiza-
tion in numerical form. An interesting finding was that despite the ex-
plicitly labelled temporal location of the MRCA of humans and dino-
saurs, which lived approximately 320 Mya4, the distance to this instance 
in time was still largely overestimated. A majority of students still esti-
mated it to 2000 Mya or more, even after observing the information. The 
seemingly counterintuitive short time since the existence of the MRCA 
of dinosaurs and humans, compared to the full evolutionary history, is 
probably the reason for this, which is in line with what Hecht et al. 
(2020) also found. This finding also supports prior research confirming 
that erroneous intuitive conceptions are not automatically replaced with 
improved knowledge, despite available information. However, as Horn 
et al. (2016) and Evans et al. (2008) argue, counterintuitive information 
can serve as a starting point to build scientifically correct conceptions, 
especially if supported by well-structured instructional design. 

Order of events 
Generally, the ability to identify the order of events was not very chal-
lenging for the students, apart from interpreting the high interactivity 
visualization in Paper III, where it was hard for students to compare or-
der of events occurring along different lineages. 
 In the non-interactive visualizations, three of the items in the test-in-
strument developed in Paper I explicitly addressed the ability to identify 
the direction of the passage of time (1, 3 and 7), and one item (5) indi-
rectly required understanding the order of events (see Appendix IV). All 
these items had a difficulty index of 0,70 or higher, that is, a large frac-
tion of the participants answered them correctly. The items probed de-
clarative knowledge about diagrammatic conventions with regard to the 
direction of the passage of time, which thus appeared relatively easy to 
answer correctly. This also included the circular diagram (item 7) which 
had the highest difficulty index of all the items. 
 Two of the items in Paper II (item 5 and 6 in the low interactivity vis-
ualization, see Appendix V) specifically addressed the ability to under-
stand the order of events. The findings showed no clear indication of any 
difference between groups of students regardless of which animation was 
interpreted. Generally, the items addressing order of events resulted in 
the highest levels of correct answers. A probable explanation for these 

 
4 http://www.timetree.org/ 
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results is that discerning in which order events take place does not re-
quire the students to split their attention between the animated map and 
the animated timelines since this information can be solely extracted 
from the animated maps alone. Findings in this thesis show that the or-
der of events is less problematic than most other temporal aspects to 
communicate visually, which is in line with prior research that has shown 
that relative time (i.e., order of events) is better known among students 
than absolute time (e.g., Trend 2000). 
 Four interview questions used with the high interactivity visualization 
in Paper III and IV probed the ability to identify order of events (question 
4, 6, 7 and 8, see Appendix VI). The responses to these questions revealed 
that the order of events was difficult to deduce unless the events occurred 
along the same lineage. This is most likely due to the lack of a coherent 
timeline along the y-axis. One of the goals with DeepTree was that time 
should be represented in the tree (Block et al. 2012) and results of this 
thesis indicate that certain aspects of time are successfully communi-
cated while others are more prone to misinterpretation. As discussed 
above, the vastness of DET is very effectively communicated in the sense 
that it is directly associated with several affective responses, implying a 
promising potential for further development with regard to communi-
cating what Kennedy and Hill (2018) call “the feeling of numbers”. 

Concurrency 
The ability to discern concurrent events was probed in three items (2, 6 
and 9) in the non-interactive visualizations used in Paper I (see Appendix 
IV). These items show a moderate level of difficulty ranging between a 
difficulty index of 0,67-0,79 and required an integration of declarative 
and procedural knowledge. One item (9) required more procedural 
knowledge and was associated with a lower difficulty index compared to 
the other items (2 and 6), which mainly required declarative knowledge 
about diagrammatic conventions.  
 Comprehension of concurrent events was probed by item 3 and 4 used 
with the low interactivity visualization in Paper II (see Appendix V). De-
termining whether two events occurred concurrently was possible to do 
without consulting the animated timeline. Hence, students did not nec-
essarily have to split their attention between the animated map and the 
animated timeline, thus relieving the cognitive load caused by the split 
attention effect (Kalyuga 2007). The results showed that concurrent 
events occurring close to present time, which was a short period with 
many events, was relatively challenging to comprehend for students us-
ing visualizations with a constant rate of time. In fact, the group using 
animation C, with a constant time rate and three emerging timelines was 
least successful. A possible reason for this result might be the high 
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cognitive load due to the rapid, simultaneously occurring events (Kal-
yuga 2007) in combination with distracting extraneous load caused by 
the non-essential information provided by emerging timelines (Peterson 
1999).  
 In the high interactivity visualization used in Paper III and IV, stu-
dents found it hard to comprehend concurrent events due to the lack of 
a coherent y-axis. This was specifically demonstrated in response to the 
interview question “Where in the tree is a billion years ago?” which re-
vealed that several students assumed that there was an implicit and co-
herent time axis along the y-axis. 

Intervals 
Among the non-interactive visualizations used in Paper I, one item (4) 
probed the ability to estimate and compare intervals by asking “If the 
shoulder represents the formation of Earth (4600 million years ago) and 
the tip of the middle finger represents present time, which position (a, b, 
c or d) represents when fish first appeared 500 million years ago?” in 
association with the image of an outstretched arm with 4 positions 
marked (see appendix IV). The findings revealed that this was the second 
most difficult item with a difficulty index of 0,59 which required mainly 
procedural knowledge (quota calculations to deduce fractions and pro-
portions) and less declarative knowledge.  
 Four items (7, 8, 9 and 10) in the low interactivity visualization probed 
the ability to estimate an interval or compare the duration of two inter-
vals (see appendix V). The results revealed that interpreting intervals in 
these respects was difficult overall, an observation also reported by 
Cheek (2012). To estimate the duration of a time interval, start and end 
points first need to be registered, and secondly, the difference between 
these two points needs to be calculated or assessed in some other way. 
Comparing the difference between two time intervals is even more com-
plex since it also includes elucidating the difference between the inter-
vals, which requires a high degree of procedural knowledge. Moreover, 
this had to be performed while the students simultaneously observed 
both the information in the animated maps and the animated timeline, 
which is likely to have caused a high extraneous load (Kalyuga, Chandler, 
and Sweller 1999; Mayer and Moreno 2003). This combination of intrin-
sic and extraneous load is a plausible explanation for difficulties in reach-
ing correct answers. Comprehension of intervals was especially difficult 
during the last part of the animation for the students using the visualiza-
tions with only one timeline, which was most probably due to the small 
spatial scale and resolution of the scale bar. This was clearly shown in 
item 8 where none of the students using visualizations with only one 
timeline could answer correctly (see Table 4).  
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 The group engaging the animation with three emerging timelines and 
variable time rate proved to be very successful in all items that required 
them to assess intervals except in on case, where they instead performed 
the worst. As discussed above, this item (9) concerned comparisons of 
intervals, and the difficulty was probably influenced by the fact that the 
time rate (and number of timelines) changed during one of the intervals 
included in the item. 
 Estimating time intervals in the high interactivity visualization inter-
preted in Paper III and IV was complicated due to the lack of a coherent 
timeline along the y-axis, as well as the incoherent association between 
zooming time and corresponding real time. This was reflected in the re-
sults were the time interval between the origin of life and present living 
species were misinterpreted by all participants due to the difference in 
zooming time. A finding in Paper III was that two groups of students em-
anated from the analyses, those who perceived zooming towards various 
locations in the tree as movements in time and students who perceived 
it as spatial movements among mappings of relatedness in the meta-
phorical tree. It is perhaps unsurprising that the students’ interpreta-
tions differ since relationships develop through time, thus these concepts 
are in a sense intertwined but are communicated as separate entities in 
the visualization. This potential for dual interpretation of representa-
tions is paralleled by the phenomenon mentioned by Nemirovsky and 
Tierney (2001) of the well-known dual perception of seeing the same im-
age either as a rabbit or a duck.  

How do students interpret visualizations of deep 
evolutionary time in terms of communicated 
evolutionary concepts? 

Biological relatedness 
The notion of biological relatedness in the non-interactive visualizations 
explored in Paper I was to a high degree interpreted correctly by the stu-
dents as indicated by the high difficulty index in two items (5 and 10, see 
appendix IV). These two items mainly required declarative knowledge 
about the MRCA. However, one of the items in the test (8) probed stu-
dent’s interpretations of the topological structure of 4 trees by asking: 
“Each of the following trees shows six different species (1–6). Which two 
trees depict identical relationships?”. Answering correctly required de-
clarative knowledge about diagrammatic conventions, as well as what ten 
Berge and van Hezewijk (1999) call visual procedural knowledge to per-
form the mental operation of envisioning rotations of lineages around 
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their connecting nodes. This item turned out to be the most difficult item 
of all, with a difficulty index of 0,56.  
 The items in the low interactivity visualizations only probed temporal 
aspects and dynamic distribution with no items addressing biological re-
latedness. However, the animation can potentially serve as a fruitful in-
road to several aspects of biological relatedness since relational aspects 
were considered in the design of the animations. 
 The semi-structured interview protocol employed in the study involv-
ing high interactivity visualization (i.e., Paper III and IV) encouraged 
students to perform successive pairwise comparisons of species which 
enabled the students to apprehend biological relationships in a very suc-
cessful manner. The importance of the MCRA as a measure of related-
ness became visually and saliently expressed due to the interactive fea-
tures, which will be further elaborated upon below. The results from Pa-
per III are in accordance with findings by Horn et al. (2016) as well as 
Block et al. (2012), who initially designed and implemented DeepTree.
   

Biological diversity  
Even though it is possible to visualize large scale biological diversity in 
non-interactive visualizations (e.g., in circular tree diagrams), none of 
the validated items in Paper I explicitly depicted or specifically addressed 
students’ interpretations of biological diversity. 
 The items in the low-interactivity visualizations only addressed tem-
poral and spatial aspects with no specific items explicitly addressing in-
terpretations of biological diversity among hominins, let alone any large-
scale diversity. However, item 3 asked, “What different species of hom-
inins existed between the penultimate and the last ice age?” In this way, 
the item probed an appreciation of hominin diversity, at least in compar-
ison to earlier and later parts of the animation. This item was harder to 
solve for students using visualizations with a constant time rate due to 
the high extraneous load associated with trying to observe several rapidly 
occurring events. 
 Interpretations of the biological diversity in the high interactivity vis-
ualization were based on the vast amounts of included organisms possi-
ble to access (70 000 included species) and the richly branched tree to-
pology. Thus, the students faced biological diversity, both in terms of 
species richness and taxonomic diversity, expressed as the branching 
canopy. While engaging in zooming interaction, students perceived how 
species approached on each side along the lineage leading towards the 
selected target species as they were directed via numerous branching 
points. This is similar to the everyday visual experience of travelling 
along a road, which reinforced the perception of a movement. On this 
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note, the importance of acknowledging that visual representations are 
often interpreted in terms of everyday experiences in visual representa-
tions has also been shown by Nelson and Olander (2022). This way of 
saliently visualizing biological relatedness is a novel way to communicate 
biological diversity which promotes students’ experiences of the stagger-
ing vastness of biological diversity both in a perceptual as well as concep-
tual way as described by Yaden et al. (2019). 

Common descent  
None of the validated items among the non-interactive visualizations ex-
plicitly addressed interpretations of a universal common ancestor and 
the items in the low-interactivity visualizations only addressed temporal 
aspects with no specific questions addressing common ancestry. How-
ever, the animated map depicted the emergence of later hominin species 
from areas within the distribution of earlier species to imply ancestral 
relationships. This visual information could tentatively serve as a basis 
for guiding instruction regarding speciation along a lineage.  
 All students that engaged with the high interactivity visualization ex-
pressed the notion of common descent. Utterances about common de-
scent were especially frequent during the end of the interview session 
while students contemplated the content of the visualization in general. 
A possible reason for the many utterances about common descent could 
be that the students had experienced the richness of the branching pat-
tern, which might have emphasized the unifying single root of the tree.  

How do students interpret visualizations of  
deep evolutionary time in terms of degree of 
interactivity? 
The categorization of the visualizations along a continuum as non-inter-
active, low interactivity or high interactivity corresponds to level I, II and 
III in the scales proposed by Schulmeister (2003), and El Saddik (2001). 
Level I in Schulmeister’s (2003) scale includes static images, level II in-
cludes animations with possibilities for the user to control the playback 
(e.g., play, pause, fast forward and rewind) and level III includes control-
ling the visual display and viewing order (e.g., zooming).  

Visualization of DET in static form (non-interactive) 
Despite the lack of “physical” interactivity with visualizations of DET in 
static form, some criteria that characterize “interactivity” in terms of hu-
man mental operations associated with visual representations can still 
be alluded to. Interactivity, as it is defined in this thesis, is primarily 
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characterized as the opportunity to physically interact with visually rep-
resented information. Aspects often associated with interactions also in-
clude control, that is, the ability to send as well as receive information 
(Jensen 1998), and reciprocal communication. Even though the reci-
procity is missing, well-designed non-interactive images in a sense can 
provide even more user-control regarding selection of focus. As Tufte 
(2013, 161) writes, “High-density displays can be genuinely interactive, 
allowing viewers to select, to narrate, to recast and personalize data for 
their own thinking. Thus, control of information is given over to view-
ers, not to editors, decorators, and badly designed computer graphics”. 
Although this definition of interactivity differs from the one treated in 
this thesis, I agree that the aspect of controlling which lineage the learner 
chooses to pay attention to, in a sense, sometimes can be higher in static 
images compared with, for example animations.  
 Given the above, O’Hara (1992) points out that phylogenetic trees are 
different from conventional storytelling in that they depict several poten-
tial storylines (one for each taxa) at the same time. Also, as Tufte (2013) 
states, the control of the visual information is given over to the user who 
has to actively engage. On this note, several items in Paper I require stu-
dents to actively engage in mental operations, for example while com-
paring and contrasting multiple topologies to discern which are identical 
(e.g., item 8 in paper I, see appendix IV). In this respect, instructional 
design that provides guiding and scaffolding can assist students in their 
active exploration of visualizations in static form. 

Visualization of DET with a low degree of interactive  
opportunities (low interactivity visualization) 
To discuss interpretations of DET among students, the visual context 
that they base their interactions upon is important. This is what O’Hara 
(1992) calls the narrative landscape and refers to whether there is an ac-
centuated main, linear “narrative storyline” with certain aspects in the 
foreground, while other are positioned in the background. In the case of 
the visualization with a low degree of interactive opportunities (i.e.,  
Paper II), the temporal dimension was explicitly expressed in the form 
of one or three separate timeline(s) with an animated cursor indicating 
the passage of time. The narrative storyline was expressed through pre-
defined spatial, geographic as well as temporal limitations and a se-
quence of events during hominin evolution where a selection of taxa 
emerged and went extinct. The only interactions the students could per-
form with the visualization was to manipulate the playback through play, 
pause, fast forward and rewind features.  
 One factor that differentiated the low interactivity visualization em-
ployed in Paper II was the explicitly and separately expressed temporal 
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dimension in the form of an animated legend. In this way the temporal 
dimension was acknowledged as a status in its own right, which can be 
an advantage depending on the educational purpose. However, it also 
contributed to a split-attention effect due to the addition of another ani-
mated part of the visualization. 
 Even if the non-interactive visualizations were predetermined, they 
allowed for the students to choose to focus on various lineages, each with 
its separate evolution, whereas students engaging with the low interac-
tive visualization had to follow the predetermined sequence of events 
which was set and decided by me as the researcher. Similar to static im-
ages, there were opportunities to also focus on different aspects in the low 
interactive visualization but it is reasonable to assume that the predeter-
mined animation governed the students’ attention to a high degree.  
 Interpretation of certain aspects (e.g., order of events and concur-
rency) are not, or only slightly affected by the way time is rendered, 
whereas other aspects, such as comprehension of intervals, can be 
strongly influenced. This supports the caution against altering the ani-
mated time rate that Lee et al. (2011) has issued.  
 A potentially influential factor in the interpretation of DET in the low 
interactivity level visualization was the amount of cognitive load. Con-
sidering the visual design, with two animated parts occurring in parallel 
on the interface (the animated timeline and the animated map) causing 
a split attention effect (Peterson 1999) there were less resources to direct 
to additional cognitive demands. However, the potentially high cognitive 
load could at least partly be mitigated by the control of the playback, but 
this remains an assumption that would need to be empirically determined. 

Visualization of DET with a high degree of interactive  
opportunities (high interactivity visualization) 
The high interactivity visualization, DeepTree, offered a very different 
participatory status of the students who were enabled to freely explore a 
much less constrained visual landscape with no predefined main story-
line compared to the low interactivity visualization. This encouraged the 
participants to explore the visualization by choosing any historical story-
line represented by a lineage leading to a particular taxon. These various 
storylines unfolded as the students zoomed in or out along the branches 
of the tree. Another distinguishing aspect of the high interactivity visual-
ization was that the tabletop interface was touch sensitive and the visual 
feedback of zooming interactions were perceived as movements, which 
provided an embodied experience of the visualization (Boroditsky 2000; 
Lakoff and Johnson 1980; 1999).   
 The interactive zoom feature had a strong influence on students’ ex-
perience of DET in several ways. First, the zooming interaction guided 
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the participants towards an organism, for example starting from the 
origin of life some 3,5 Bya leading to an extant species at the top of the 
canopy brought about strong experiences which were interpreted in dif-
ferent ways. Zooming was perceived as a movement by all students. The 
perception of movement was influenced by semantic zooming - as the 
user zooms in, objects not only become larger (and eventually pass by) 
but more details are also revealed as the zooming progresses. In this way, 
the zooming feature simulates and reinforces the experience of motion 
(Ziat et al. 2006). 
 Second, students’ interpretations of biological relationships were 
largely influenced by the pairwise comparison feature of the high inter-
activity visualization. This enabled users to zoom in automatically to an 
interface outlined by two chosen species and the lineages leading to-
wards their MCRA. In this way, the attention of the user was directed to 
the fundamental notion of the MRCA. In addition to promoting free ex-
ploration, certain questions and tasks in the semi-structured protocol 
encouraged the students to make repeated specific successive pairwise 
comparisons of organisms, which gave rise to a zooming in or out effect 
along branches. In an embodied manner, this communicated biological 
relatedness, which was correctly interpreted by the students. This obser-
vation is supported by similar findings by Block et al. (2012) and Horn et 
al. (2016). However, the findings revealed that the zooming feature also 
induced misinterpretations. For instance, interpreting zooming time as 
linearly related to real time was a misinterpretation shared by all partic-
ipants and several students erroneously assumed that more nodes corre-
spond to longer time. 
 A third notable effect of the zooming feature was the multitude of  
affective responses it evoked, which is the topic of the next section. 

How do students interpret visualizations of deep 
evolutionary time in terms of generated affective 
responses? 
The interpreted visualization investigated with regard to affective epis-
temic responses was the high interactive level visualization. The findings 
in Paper IV show that the affective reactions of awe, surprise, and confu-
sion were intertwined with the biological themes of biological relation-
ships, evolutionary time, biological diversity, common descent and bio-
logical structure and terminology. The affective response of curiosity was 
much less expressed, which might have also been partially due to the for-
mat of the interview session, which was governed by a semi-structured 
protocol, restricted in time and, thus, leaving fewer opportunities for 
participants to explore curiosity naturally.  
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 Biological relationships proved to be most closely associated with sur-
prise, which was frequently discerned in conjunction with use of the pair-
wise comparison feature (Block et al. 2012; Horn et al. 2016). While en-
gaging with this feature the students’ made predictions regarding ex-
pected degrees of relatedness between pairs of species, predictions that 
could then be tested by employing the feature. The semi-structured pro-
tocol stimulated the comparisons of counterintuitive relationships to re-
veal how interaction with the visualization might induce affective re-
sponses. This might also explain why biological relatedness was often as-
sociated with surprise. Multiple utterances during the interviews also in-
dicate that the association between biological relatedness and surprise 
was often connected to learning experiences. A possible reason for the 
frequent affective responses of surprise might be essentialist ideas (Kam-
pourakis 2020) that counteract the notion of common descent. On this 
note, Horn et al. (2016) suggested that the pairwise comparison feature 
could be employed to promote deliberately guided discussions among 
students direct the notion of “essence”. That is, the essence of DNA could 
be mapped onto living organisms generally rather than to separate spe-
cies since the essence shared is the genetic foundation and the DNA mol-
ecule is saliently expressed in the visualization. The strong affective re-
sponses and learning experiences related to using the pairwise compari-
sons found in the present study could be seen as tentative support for the 
suggested approach by Horn et al. (2016). 
 Evolutionary time was primarily associated with awe and confusion 
which largely can be coupled with the embodied perception of deep 
zooming through the richly branching tree along a lineage. As reported 
by Jones et al. (2022) many teachers incorporate awe experiences to 
enhance their instruction. In this regard, findings in this thesis provide 
strong indications that high interactivity visualization can support awe 
evoking experiences in teaching and learning about evolutionary time. 
Overall, all conceptual themes except biological structure and terminol-
ogy were associated with awe (see Figure 23), which might be partially 
explained by the zooming feature. 
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7. Summary of thesis contributions  
and implications 

 
In this closing chapter, I outline the contributions of this thesis and im-
plications for visually communicating DET in science education. The im-
plications primarily address potential guidelines for teaching practice 
and visualization use, as well as tentative directions for future research. 
This thesis has contributed to the current state-of-the-art by: 

• Developing and validating a visual instrument for diagnosing 
knowledge about the visual communication of DET. 

• Identifying how students interpret different DET visualizations 
across a continuum of interactivity. 

• Revealing how students interpret temporal aspects of visualized 
DET related to scales, finding events in time, order of events, con-
currency of events, estimating and comparing time intervals.  

• Illuminating various conceptual challenges associated with visu-
ally communicated temporal relationships of DET.  

• Showing that interpreting DET visualizations are associated with 
spatially oriented and temporally oriented experiences. 

• Exposing students’ epistemic affective responses in relation to 
engaging with a highly interactive DET visualization.  

• Elucidating relationships between affective responses, physically 
engaging with highly interactive visualizations, and evolution 
concepts. 

• Informing guidelines for teaching practice and visualization de-
sign in relation to DET. 

I present the implications of the thesis in line with the research questions 
and a view to teaching practice and designers.  
 Regarding how students interpret visualizations of deep evolutionary 
time in terms of associated temporal aspects, it is crucial that the choice 
of visualizations is made on informed and conscious deliberations as to 
which temporal information is conveyed as well as how it is communi-
cated. Recurrent themes of importance to consider while using interac-
tive visualizations are the amount of extraneous load imposed on the 
learner and whether the time scale communicated is event-based or 
time-based. For example, it is particularly important to consider extra-
neous load when employing interactive visualizations. Different learn-
ing goals benefit from employing different visualizations and it is there-
fore also essential that conscious and informed choices of visualizations 
are made in relation to educational objectives.  
 If knowledge about temporal intervals is of central interest, then time-
based scales are oftentimes preferable while event-based variants might 
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be preferred if it is more important to explore specific events in time and 
concurrent events. The communication of temporal aspects should be 
carefully considered in the design of visualizations that communicate 
DET, especially in cases where students are expected to compare differ-
ent temporal durations.  
 In considering how students interpret visualizations of deep evolu-
tionary time with regard to degree of interactivity, this thesis shows that 
exposing students to several forms of visually communicated DET across 
a continuum of interactivity could help support the teaching of DET at 
upper secondary and undergraduate levels. Combining opportunities for 
visual experiences with physical bodily interaction through modern vis-
ualization technologies can scaffold students' understanding of DET. 
 Furthermore, the findings of two different perceptual experiences of 
exploring the high interactivity visualization, either primarily as a move-
ment in virtual space or primarily as a movement in time, can constitute 
the basis for classroom discussions about the mapping between the rep-
resented phenomenon and the actual visualization. 
 With respect to how students interpret visualizations of deep evolu-
tionary time in terms of their affective responses, findings in this thesis 
unveil relationships between affective experience while students engage 
with interactive visualizations linked to conceptual themes of DET. Stu-
dents engagement with visualizations that offer a high degree of interac-
tive opportunities can be employed in teaching to induce a spectrum of 
affective responses, in particular the epistemic affective responses of sur-
prise, awe, confusion, and curiosity to elicit discussions about DET. Such 
discussions can also be intertwined with integrating fundamental evolu-
tionary concepts such as relationships, biological diversity, and common 
descent. Further, guidelines are provided for teaching and learning with 
various visualizations communicating DET such as illuminating how 
various temporal aspects can be visually communicated through a con-
tinuum of interactivity and how affective responses might leverage 
teaching about visually communicated DET. Also, how bringing novel 
dynamic visualizations in pedagogical practice, might introduce new po-
tential sources of misinterpretations is highlighted. 
 Based on the findings of this doctoral research, future work could fo-
cus on further interrogating the degree of influence of procedural and 
declarative knowledge on interpreting visually communicated DET. In 
addition, other directions could delve further into how relationships be-
tween affect, highly interactive visualization, and evolution concepts can 
be leveraged for evolution education interventions. The thesis findings 
may also help inform methods to investigate the learning of visually com-
municated science content with emerging new technologies in conjunc-
tion with the influence of affective responses. In this regard, further work 
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could also consider how test items in test instruments might be  
designed and validated to diagnose students’ interpretation and under-
standing of emerging dynamic and interactive visualizations of DET. 
 Future research could also investigate additional and complementary 
aspects of visual communication of DET in science education such as 
teachers’ and students’ critical visual literacy (Johansson 2012; 
Johansson and Stenlund 2022). This could include, for example, to what 
extent students are able to critically judge the validity of the underlaying 
data, such as the bias in the fossil record, and how such uncertainties are 
visually communicated.  
 In closing, the educational value of most visualizations in teaching 
and learning about DET can only benefit from well-prepared instruc-
tional design and support. A specific research direction could involve in-
vestigating the influence of different degrees of guidance on interpreting 
and understanding evolution, one of the fundamental aspects of science. 
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Appendix I

Welcome to this questionnaire! 

We are researchers at Linköping University in Sweden exploring how people interpret the visual 

communication of deep time and evolution. By responding to this questionnaire, you will help 

contribute to research on public understanding of evolution. 

The questionnaire consists of 6 background questions and 10 multiple-choice items. 

By agreeing to respond to this questionnaire you consent to storing your responses on the 

Linköping University secure server. Data is and shall remain confidential and stored according to 

the EU General Data Protection Regulation (GDPR). This study is financially supported by the 

Swedish Research Council (Vetenskapsrådet, grant number 2019-03852). 

Thank you for your participation! 



Deltagandeavtal 

Detta avtal är ett medgivande till materialanvändning från den som deltagit i en enkätundersökning 
och skärminspelning vid datoranvändande med avsikt att ge råmaterial till forskning, primärt vid 
institutionerna ITN och ISV vid Linköpings universitet. 

Användande av materialet 

Användande av materialet avser analys av deltagarnas svar samt interaktion med maskin- och 
mjukvara. Materialet kommer huvudsakligen att analyserat i aggregerat tillstånd. Råmaterialet 
kommer att förvaras på ett säkert sätt och ej sprids utanför den inblandade forskargruppen.  

o Jag medger

o Jag medger ej

att- upptaget material från enkät och skärminspelning där jag 
medverkar får användas i forskningssyfte, förutsatt att det 
hanteras i enighet med vedertagen svensk forskningsetik.  

Presentation av resultat från studien

o Jag medger

o Jag medger ej

o Jag medger

o Jag medger ej

att enkätmaterial, avidentifierade och anonymiserade får 
användas i samband med presentationer och publicering av 
studiens resultat. 

att skärminspelade sekvenser där jag medverkar får användas i 
samband med presentationer och publicering av studiens 
resultat förutsatt att materialet är avidentifierat och anonymt. 

Ångerrätt 

Jag kan när jag vill ändra mina nuvarande medgivanden och avbryta mitt deltagande i studien. Det 
uppdaterade avtalet träder i kraft när det mottages av kontaktpersonen och gäller ej retroaktivt 
avseende publicering utförd i enighet med tidigare avtal. 

Underskrift 
Namn (textat) Personnummer 

Ort och datum 

Underskrift 

Kontaktperson: Namn: Jörgen Stenlund   E-post: jorgen.stenlund@oru.se 
Adress: Linköpings universitet, ISV, SE-601 74 Norrköping 
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 Deltagandeavtal 
 

Titel:
Liggande cmyk
Skapad av:
Adobe InDesign 2.0.2
Förhandsgranska:
Den här EPS-bilden sparades inte
med en inkluderad förhandsgranskning.
Beskrivning:
Den här EPS-bilden kan skrivas ut på en
PostScript-skrivare, men inte på
andra typer av skrivare.

Avtal avseende användningsbegränsning av 
forskningsmaterial 
Detta avtal är ett medgivande till materialanvändning från den som deltagit vid en bild 
och/eller ljudupptagning med avsikt att ge råmaterial till forskning, primärt vid 
institutionerna ITN och ISV vid Linköpings universitet. 

Allmänt användande av materialet 
Allmänt användande av materialet avser t.ex. analys av deltagarnas interaktion med 
maskin- och mjukvara. Det innebär att materialet ej sprids utanför de inblandade 
forskargrupperna. 

o Jag medger

o Jag medger ej

Att upptaget bild- och ljudmaterial där jag medverkar får användas i forskningssyfte och 
datorbehandlas, förutsatt att det hanteras i enighet med vedertagen svensk forskningsetik. 

Utdrag ur materialet för användning vid presentationer 
Det huvudsakliga syftet med att använda utdrag ur materialet är att kunna visa på specifika 
situationer där beteenden exponeras som bedöms vara relevanta i relation till forskningen. 

o Jag medger

o Jag medger ej

Att utdrag ur upptaget bild- och ljudmaterial där jag medverkar får användas vid 
presentationer anknytande till forskning, förutsatt att mitt namn döljs. 

Utdrag ur materialet för användning vid elektronisk publicering 
Elektronisk publicering är en möjlighet att sprida kunskap om forskning vid Linköpings 
universitet, primärt till andra forskare men även till allmänheten. Bilder och videoutdrag 
underlättar förståelsen för sampresenterat skriftligt material och är ett ypperligt sätt att visa 
intressanta exempel. 

o Jag medger att utdrag ur upptaget bild- och ljudmaterial där jag medverkar får användas
vid elektronisk publicering anknytande till forskning, förutsatt att mitt namn döljs.

o Jag medger att endast stillbildsutdrag ur upptaget bildmaterial där jag medverkar får
användas vid elektronisk publicering anknytande till forskning, förutsatt att mitt namn
döljs.

o Jag medger inget användande vid elektronisk publicering av utdrag ur upptaget bild- eller
ljudmaterial där jag medverkar.
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 Deltagandeavtal 
 

Titel:
Liggande cmyk
Skapad av:
Adobe InDesign 2.0.2
Förhandsgranska:
Den här EPS-bilden sparades inte
med en inkluderad förhandsgranskning.
Beskrivning:
Den här EPS-bilden kan skrivas ut på en
PostScript-skrivare, men inte på
andra typer av skrivare.

Utdrag ur materialet för användning vid tryckning. 
Forskningsmaterial publiceras oftast i tryckt form och fotografier eller utvalda stillbilder ur 
videosekvenser kan förtydliga budskapet. Publicering sker mestadels i vetenskapliga 
tidsskrifter och i samband med forskningsrelaterade konferenser. 

o Jag medger

o Jag medger ej

Att utdrag ur upptaget bildmaterial där jag medverkar får användas vid publicering i tryckt 
form, förutsatt att mitt namn döljs. 

Ångerrätt 
Jag förbehåller mig rätten att vid senare datum ändra mina nuvarande medgivanden, 
varvid jag insänder en uppdaterad version av detta avtal till nedanstående kontaktperson. 
Det uppdaterade avtalet träder i kraft när det mottages av kontaktpersonen och gäller ej 
retroaktivt avseende publicering utförd i enighet med tidigare avtal. 

Kontaktperson 
Namn: Jörgen Stenlund 
E-post: jorgen.stenlund@oru.se 
Adress: Örebro universitet,  

Institutionen för naturvetenskap och teknik, 
701 82 Örebro 

Underskrift 
Namn (textat) Personnummer 

Ort och datum 

Underskrift 
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Deep evolutionary time visual instrument (DET-Vis) 

1. The displayed tree of life shows six

different species (represented by letters).

In which direction is the passage of time?

〇 bottom to top 

〇 top to bottom 

〇 right to left 

〇 left to right 

2. The diagram shows the abundance of

species in three plant groups during six

geologic periods. Which statement is best

supported by the diagram?

〇  All three groups are now extinct. 

〇

The abundance of species in all three groups 

 has steadily increased since they first 

appeare 

〇

The abundance of species in two of the 

groups reached a maximum during the  

Jurassic period. 

〇
All three groups existed during the Triassic 

period. 

3. The displayed tree of life shows six

different species (represented by letters).

In which direction is the passage of time?

〇 bottom to top 

〇 top to bottom 

〇 right to left 

〇 left to right 

4. If the shoulder represents the formation

of earth (4600 million years ago) and the

tip of the middle finger represents present

time, which position (a, b, c or d)

represents when fish first appeared 500

million years ago?

New 

〇 a 

〇 b 

〇 c 

〇 d 
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5. Which of the points (1, 2, 3 or 4) in the 

diagram indicates the most recent 

common ancestor of species S and Z?

〇 1

〇 2

〇 3

〇 4

6. The diagram shows the occurrence of 

different species during human evolution. 

Which statement is correct?

〇
Three different species of Homo co-

existed 125 000 years ago

〇
Homo habilis existed for approximately 

1 million years

〇
The species with the longest existence 

is Australopithecus afarensis

〇
Homo neanderthalensis appeared 

earlier than Homo erectus

7. The displayed tree of life shows six 

different species (represented by letters). 

In which direction is the passage of time?

〇 bottom to top

〇 left to right

〇 center to periphery

〇 periphery to center

8. Each of the following trees shows six 

different species (1-6). Which two trees 

depict identical relationships?

〇 a and b

〇 b and c

〇 c and d

〇 a and d



 

 3 

9. Fossils can be dated by comparing other 

fossils in the same rock layer which 

existed during known periods (index 

fossils). What period (1, 2, 3 or 4) does the 

unknown fossil belong to? 

 

〇 Period 1 

〇 Period 2 

〇 Period 3 

〇 Period 4 

 

 

 

10. The species represented by the letters are 

related. Which of the following species is 

most closely related to species K? 

 

 
 

 

〇 Z 

〇 G 

〇 J 

〇 S 

  

 

 

Correct responses 

1. Alternative 1   

2. Alternative 3   

3. Alternative 4   

4. Alternative 3   

5. Alternative 4   

6. Alternative 1   

7. Alternative 3   

8. Alternative 4   

9. Alternative 3   

10. Alternative 3

 



Test items used in Paper II 

Item Category 

1. When did the group with Australopithecus species appear? Finding events  

at specific times 

2. When did the last ice age begin? Finding events  

at specific times 

3. What different species of hominins existed between the penultimate and

the last ice age?

Comprehending 

concurrency 

4. Did Homo heidelbergensis exist at the same time as Homo sapiens? Comprehending 

concurrency 

5. Did Homo habilis exist before the appearance of Homo erectus? Comprehending 

relative order 

6. Did Homo erectus exist before the appearance of Australopithecus? Comprehending 

relative order 

7. How long did the group of Sahelanthropus, Orrorin and Ardipithecus exist? Estimation of

duration 

8. How long was the penultimate ice age? Estimation of 

duration 

9. Compare the time Homo neanderthalensis existed with the time Homo

habilis existed

Comparisons of 

durations 

10. How long did the group of

genus Sahelanthropus, Orrorin and Ardipithecus exist compared to Homo

sapiens?

Comparisons of 

durations 
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Appendix VI

Interview question and/or interactive task 

1 

2 

The pupils are encouraged to investigate zooming and panning 

What does it mean to pull down (pull down to zoom in)? 

What does it mean to pull up (push up to zoom out)? 

What happens when you pull down and sideways (drag to pan) 

Supplementary questions. What happens? How? 

The student explores the function of the tree by zooming from the origin of life towards two 

species: first Methanopyrus kandleri—a type of methane bacteria and then Homo sapiens. A 

question is posed concerning what the student has just observed: compare how long it took 

for these organisms (Homo sapiens vs Methanopyrus kandleri) to develop? 

3 What does the branching represent? 

4 Compare the following pairs and write down: 

How long ago did the most recent common ancestor to… 

- bananas and humans live?

(recent joint ancestors lived 1.4 billion years ago)

- yeast and man live?

(recent joint ancestors lived 1 billion years ago)

- E. coli and human live?

(recent joint ancestors lived 3.5 billion years ago)

- Tyrannosaurus and human live?

5 The pupils are then asked to compare two pairs of species 

First tyrannosaurus and velociraptor then velociraptor and the house sparrow. Which species are 

more closely related? Probe students’ reflections 

6 Zoom in to Homo sapiens. Then zoom out “bit by bit” and indicate how long ago our most 

recent common ancestors with 

a) Chimpanzees lived

b) Gorillas lived

c) Orangutans lived

7 Compare when the most recent common ancestor of orangutans and humans lived with when 

the most recent common ancestor of human and chimpanzees lived 

8 Compare when the most recent common ancestor of the tomato and potato lived (2 million 

years), with the tomato and sundew, respectively (118 million years) 

9 Where in the tree is a billion years ago? 

10 Additional questions that could be posed if required 

- Where is present time in the tree?

- Where are living and extinct species in the tree?

- The tree shows different aspects of life. What aspects do you think of when you see the tree?

(e.g., unity and diversity)

- What was the most striking feature of the application?
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Design and validation of a deep evolutionary 
time visual instrument (DET-Vis)
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Abstract 

Understanding deep evolutionary time is crucial for biology education and for conceptualizing evolutionary his-
tory. Although such knowledge might help citizens contemplate their actions in the context of human existence, 
understanding deep evolutionary time is a demanding cognitive endeavor for students. The enormous magnitudes 
of evolutionary time are often visually communicated through phylograms and timelines. Given the importance of 
understanding evolutionary time in various scientific domains at large, there is a need for tools to gauge students’ 
knowledge about visually communicated deep evolutionary time. In response, we describe the design and validation 
of an instrument to measure knowledge about the visual representation of deep evolutionary time. Development, 
expert panel evaluation, and piloting of an initial 14 questions with 139 respondents resulted in a 10-item multiple-
choice questionnaire. Subsequent collection and analysis of 212 responses validated the 10-item Deep Evolutionary 
Time Visual Instrument (DET-Vis). Identification of a single factor suggests a unidimensional construct that represents 
knowledge about the visual communication of deep evolutionary time. A Cronbach’s alpha of 0.73 yielded an accept-
able internal consistency of the instrument. The items of the instrument discriminate well with discrimination coef-
ficients between 0.25 and 0.53. The instrument is of moderate difficulty with difficulty indices ranging from 0.56 to 
0.81. The seven-step methodological design and validation procedure of this study yielded a unidimensional, valid, 
and reliable ten-item deep evolutionary time visual test instrument. The instrument items probe both procedural and 
declarative aspects of the construct that could warrant future psychometric exploration. Use of DET-Vis in pedagogi-
cal practice could help support the teaching of deep evolutionary time at upper secondary and undergraduate levels.

Keywords: Knowledge about deep evolutionary time (DET), Visual communication, Visual representation, Instrument 
design and validation, Deep Evolutionary Time Visual Instrument (DET-Vis)
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Introduction
All living organisms are the result of evolution occurring 
over immense time spans but prior research has shown 
that understanding evolution is challenging for students 
(e.g., Smith 2010). One reason for this is that evolution-
ary processes operate on temporal scales ranging from 
hours to millions of years depending on the evolutionary 
context; be it changes in allele frequencies in a population 

(microevolution) or diversification of higher taxa (mac-
roevolution). Therefore, understanding evolution neces-
sitates conceptualizing evolutionary processes occurring 
in short time spans (e.g., antibiotic resistance in bacteria) 
as well as in deep evolutionary time scales (e.g., diversifi-
cation of life).

Although the resources that enable modern human 
civilization are drawn from the deep past, upper second-
ary and undergraduate university students’ knowledge 
about evolutionary time scales is limited (e.g., Catley and 
Novick 2009, 1998; Trend 2001b). One reason for this 
dearth in knowledge is that time is difficult to conceptu-
alize. While the passage of time might be perceived as a 

Open Access

Evolution: Education and Outreach

*Correspondence:  jorgen.stenlund@oru.se

1 Department of Science and Technology (ITN) Media and Information 
Technology (MIT), Linköping University, Norrköping, Sweden
Full list of author information is available at the end of the article



Page 2 of 15Stenlund et al. Evolution: Education and Outreach           (2022) 15:12 

concrete phenomenon in an everyday sense, understand-
ing time remains elusive and difficult to define (Buon-
omano 2017). Even more challenging is grasping the 
notion of deep evolutionary time (DET), time emanat-
ing from the origin of life about 3700 million years ago 
(Pearce et al. 2018). Even though the lineage of hominins 
leading towards our own species traces back seven mil-
lion years (Stenlund and Tibell 2019; Wood 2010) this 
is still an extremely brief timespan in the context of the 
history of life. Another reason for the lack of knowledge 
about DET, illuminated by Estrup and Achiam (2019) is 
that epistemological aspects of time are often neglected 
in science education where deductive experimental sci-
ences dominate, in comparison with inductive historical 
sciences such as paleontology and paleobiology. Further-
more, prior research (e.g., Cobern 1996; Hansson and 
Redfors 2006) shows that apprehending the vastness of 
DET requires more than mere comprehension or “know-
ing”. It might also require a shift in one’s worldview which 
involves the complexity of negotiating other aspects such 
as self-identity and contradictory convictions.

Knowledge about timescales comprising billions of 
years such as DET is crucial in several sciences, not least 
in biology where it provides the historical context for 
the existence of humans and other organisms. Moreo-
ver, time is a major factor in combination with other 
aspects such as population sizes and mutation probabili-
ties in the complexity of evolutionary processes occur-
ring over many generations (Carroll 2006; Hoekstra et al. 
2005). Knowledge about DET also provides valuable 
information in decision making and actions that have 
consequences for the (deep) future. Indeed, the follow-
ing contemporary issues are related both with the past 
and future (Bjornerud 2018; Irvine 2014). Not only are 
humans rapidly consuming resources that have gradu-
ally accumulated during the deep past, but also impact-
ing the future with human-induced climate change 
through sudden (from a DET point of view) emission 
of carbon dioxide (Johansson and Stenlund 2022) and 
swiftly diminishing biological diversity (Barnosky et  al. 
2011; Ceballos et  al. 2015). Despite the short existence 
of our species in relation to the context of macroevolu-
tion, the impact of humans on planet earth has reached 
a magnitude which, once a marker has been decided, will 
demarcate of a new geological epoch—the Anthropocene 
(Subramanian 2019).

As eloquently articulated by Lee et  al. (2011), time-
related concepts are part of every imaginable scien-
tific phenomenon. Therefore, science education is most 
important in providing necessary knowledge to incorpo-
rate vast time spans and to convey events and processes 
intertwined with DET. A frequent way of communi-
cating DET in the historical sciences is through visual 

representations. In biology education, DET is often vis-
ualized by depicting how relatedness has evolved in 
phylogenetic diagrams while other representations illu-
minate temporal distribution, which are sometimes 
complemented with indications of abundance. Due to 
the importance of interpreting and understanding DET 
through communicated visual forms, there is a need to 
investigate how visual representations are conceptual-
ized by students. Visual representations are essential for 
communicating multiple perspectives of deep time. For 
example, much research has explored students’ under-
standing of phylogenetic trees (Blacquiere et  al. 2020; 
Blacquiere and Hoese 2016; Dees and Momsen 2016; 
Thanukos 2010), a paramount form of visual representa-
tion related to evolutionary time. Despite these contri-
butions, to our knowledge, no diagnostic tests have yet 
been specifically developed to assess students’ knowledge 
of the visual communication of DET. The current journal 
has given important attention to developing valid ways to 
measure and assess evolution understanding, as repre-
sented by a recent special issue (Nehm and Mead 2019) 
and accompanying multiple validated instruments. How-
ever, there is yet no instrument that specifically targets 
measuring knowledge about the visual communication 
of time in evolution. Considering the centrality of the 
temporal dimension in evolution, it is urgent to meas-
ure understanding of visually conveyed DET. Therefore, 
our objective in this study is to develop an instrument to 
evaluate upper secondary and undergraduate university 
students’ knowledge about the visual communication of 
deep evolutionary time.

Theoretical background
Investigating and diagnosing students’ understanding 
of deep evolutionary time
Developing and validating measurement tools such as 
concept inventories can help diagnose key evolutionary 
concepts and ideas that are challenging for students. Fur-
row and Hsu (2019) describe that such tools are useful for 
informing evolution learning objectives of a course, diag-
nosing key misconceptions, measuring students’ knowl-
edge, assessing learning, and informing future teaching 
practice around evolution.

Cheek (2010) points out that subject matter knowledge 
plays a key role in judging and categorizing novel infor-
mation. Learning about events and processes in deep 
evolutionary time are much affected by prior knowledge. 
Therefore, understanding macroevolution is intertwined 
with understanding DET. Existing understanding pro-
vides a foundation upon which temporal aspects can be 
mapped and enable novices to discriminate common 
surface features in favor of more meaningful features, 
such as analyzing relationships based on the most recent 
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common ancestor rather than spatial proximity in a tree 
diagram. Subject matter knowledge about macroevolu-
tion also provides a conceptual basis which can be related 
to events and processes in other disciplines such as geol-
ogy (e.g., plate tectonics) and astronomy (e.g., the for-
mation of planetary systems). Also, in relation to issues 
regarding sustainability, knowledge about macroevolu-
tion can enable students to compare the time span for the 
formation of coal from biological decay with the rate of 
industrial consumption of coal during the last hundred 
years (Johansson and Stenlund 2022).

In terms of key evolutionary ideas, Lee et  al. (2011) 
assert that the ability to interpret the temporal order and 
duration of events in geology, cosmology, and biological 
evolution is an important aspect of science education. 
Previous research on the design of instruments has pri-
marily focused on deep time in a geoscientific sense 
which exceeds DET by approximately 1 billion years prior 
to the origin of life (i.e., about 3.5–3.8 bya). The appear-
ance of a selection of these initiatives in the literature are 
described chronologically as follows.

In a series of studies using a variety of instruments, 
Trend (1998, 2000, 2001a, b) investigated understanding 
of geological time among 10 and 11-year-old children, 
primary teacher trainees, primary teachers and 17-year-
old students. While Trend revealed that the participants 
grasped relative time more securely than absolute time 
(Trend 2000), they had a very coarse-grained apprecia-
tion of events in Earth’s deep past. According to Trend, 
participants’ views tended to fall into a few categories, 
for example, “extremely ancient”, “less ancient” and “geo-
logically recent” (Trend 2000, 2001a). A few years later, 
Nadelson and Southerland (2009) presented a concept 
inventory, “the Measure of Understanding of Macroevo-
lution” (MUM) which contained items regarding deep 
time. Changes to MUM were later suggested by Novick 
and Catley (2012). Items related to deep time in these 
studies showed both higher and lower mean item diffi-
culties compared to items related to classification, spe-
ciation, nature of science and fossils, which indicates a 
partial and incomplete knowledge about deep time. It 
should also be noted that understanding evolutionary 
processes does not always require understanding of DET. 
For example, the CINS instrument developed by Ander-
son et al. (2002) is largely focused on microevolution.

Dodick and Orion (2003a) developed and used the 
Geological Time Aptitude test to evaluate junior and 
senior high school students’ ability to recreate and rep-
resent the transformation of a series of geological struc-
tures over time. The authors later complemented this 
test with two other instruments, namely the Temporal 
Spatial Test, which tests the ability to relate spatial and 
temporal thinking, and the Strategic Factors Test that 

measures how influential dimensional factors are on tem-
poral awareness (Dodick and Orion 2003b). During the 
early 2000s Hidalgo et  al. (2004) investigated how high 
school and technical school students answered questions 
regarding the concept of geological time that demanded 
knowledge and skills about temporal location, temporal 
arrangement, and processing time intervals. The findings 
revealed that the students lacked knowledge in locating 
relevant geobiological events. In addition, based on the 
students’ difficulties, the authors illuminated the impor-
tance of having an appropriate representation of geo-
logical time intervals in understanding geologic changes. 
These results are in accordance with a study by Catley 
and Novick (2009) who examined university students’ 
knowledge of deep time by probing seven significant his-
torical and evolutionary events. Their research showed 
that many students lacked a cognitive foundation to 
make sense of deep evolutionary time. In another study, 
Lee et  al. (2011) developed a 30-item test instrument 
to investigate university students’ appreciation of even 
longer time periods extending back to cosmological deep 
time (i.e., 13.8 bya). Their work revealed that it is possible 
to measure students’ ability to recognize temporal mag-
nitudes with the instrument and that knowledge, rather 
than estimation, of the temporal magnitude formed the 
basis of the measured construct. In a recent study by Col-
antonio et  al. (2021), high school students’ conceptual 
understanding of cosmological time based on an open-
ended questionnaire revealed that students’ knowledge 
about the age of the universe was rather limited.

Understanding the visual communication of deep 
evolutionary time
Visual representations are pivotal for communicating 
DET in disciplinary contexts. The knowledge required for 
interpreting such visuals contains aspects of declarative 
knowledge (knowing-that, e.g., the root of a phylogenetic 
tree represents the common ancestor to all of the rep-
resented species) and procedural knowledge (knowing-
how, e.g., to deduce the relatedness of various organisms 
over time). When it comes to memory structures in the 
visual system, ten Berge and van Hezewijk (1999) assert 
that declarative knowledge is intertwined with proce-
dural knowledge. Their stance termed procedural vision, 
describes the idea that declarative knowledge often ema-
nates from procedural knowledge. This assertion is evi-
denced in observations that children learn procedures 
prior to learning facts. The authors go on to argue that 
declarative memory structures are essentially part of pro-
cedural memory structures, with declarative knowledge a 
“special case” of procedural knowledge. It follows that in 
visual processing and memory systems, both declarative 
and procedural knowledge are part of the “outcome”.
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Successfully understanding visually communicated 
DET requires the interpreter to know how, and to know 
what, to interpret in the representation. More specifi-
cally, the interpreter is required to engage a degree of 
procedural knowledge in knowing how to, for example, 
map between two phylograms to deduce whether they 
communicate the same relationships. At the same time, 
the interpreter is also required to engage a degree of 
declarative knowledge in knowing that the most recent 
common ancestor is represented by the node where two 
lineages intersect.

In biology learning contexts, Odom and Kelly (2001) 
have suggested that fostering relationships between the 
acquisition of declarative knowledge through the use of 
procedural knowledge can promote biology learning. In 
addition, Schönborn and Bögeholz (2009) have proposed 
a taxonomy that identifies the combination of declarative 
components (biological concepts, principles and funda-
mentals) and procedural components (ability to trans-
late across and between different visual representations) 
as being necessary for biology learning. Several stud-
ies have explored challenges in students’ interpretation 
and understanding of visual representations that impart 
imperceptible temporal magnitudes and their relative 
differences, including aspects of DET in biology. For 
example, Stenlund and Tibell (2019) and Stenlund et  al. 
(2021) have conducted studies with a particular focus 
on temporal aspects in visualizations comprising DET. 
They described various challenges in appreciating facets 
of time including the ability to locate particular points 
in time, appreciate order of events, approximate a time 
interval duration, compare various timespans, and rec-
ognize the simultaneous occurrence of events. In other 
work, Meir et al. (2007) uncovered several temporal mis-
interpretations in phylogenetic trees, including misread-
ing the time axis by interpreting the passage of time in 
a horizontal instead of a vertical direction, or the erro-
neous interpretation that the uppermost left species was 
the common ancestor of all the other represented spe-
cies. Gregory (2008) also found that a common misinter-
pretation is that two contemporary species have evolved 
for different durations of time since their most recent 
common ancestor. Finally, Stenlund et al. (2021) showed 
that a frequent misinterpretation among upper second-
ary students was perceiving multiple intervening nodes 
along a lineage as signifying more elapsed time.

Among the visualizations used in biology education, 
tree of life representations are of central importance 
(Catley and Novick 2008; Schramm et  al. 2021) since 
they reflect several paramount aspects of biology such 
as biological diversity, common descent, deep evolu-
tionary time and biological relationships. It follows that 
understanding macroevolutionary concepts relies on 

interconnecting tree thinking with DET (e.g., Novick and 
Catley 2012). Work by Halverson and Friedrichsen (2013) 
has shown that interpreting tree of life visuals requires 
specialized representational competence for reading tree 
diagrams. Such competencies include knowledge about 
the phylogenetic representation and an ability to recog-
nize the visual information making up the representation. 
Temporal aspects are always included in tree diagrams 
since the definition of a relationship is based on the 
most recent common ancestor (Baum et  al. 2005). Spe-
cifically, DET is usually communicated through various 
forms of visualizations (Stenlund 2019), of which some 
commonly used examples are presented in Fig. 1. Visual 
forms include phylograms (Fig.  1a), timelines (Fig.  1b), 
and other representations such as spindle diagrams 
(Fig. 1c) and bar-graph type images (Fig. 1d). Other visual 
forms are timeline analogues such as spirals, and “boot-
strapping” images that help bridge large differences in 
temporal magnitudes. Metaphors are sometimes used to 
concretize highly abstract time frames and make them 
more relatable. Another way to combine very different 
magnitudes of temporal scales is to compress and expand 
different parts of a timeline, as shown in Fig. 1b.

The importance of developing and validating instru-
ments to measure learning supported by visualizations 
of deep time phenomena was reiterated by Libarkin 
and Brick (2002). Oliveira and Cook (2017) have also 
asserted that the visual aspects of learning evolution are 
often neglected by science educators, and argue for more 
research on how visual features impact students’ visual 
perception of evolution. Overall, our synthesis of the lit-
erature reveals that there is no diagnostic instrument for 
evaluating knowledge about the visual communication of 
deep evolutionary time.

Aim of the study
Given the importance of conceptualizing time in under-
standing evolution, our specific objective with the study 
is to develop and validate an instrument to measure 
upper secondary and undergraduate university students’ 
knowledge in relation to interpreting and understanding 
the visual communication of deep evolutionary time.

Methods
The development and validation of diagnostic psycho-
logical and educational instruments often follows a sys-
tematic sequential process consisting of several phases 
(e.g., Adams and Wieman 2010; Benson and Clark 1982; 
Conceição et al. 2007). In this study, the overall develop-
ment and validation of the instrument comprised seven 
methodological steps illustrated in Fig. 2 (steps 1–7).
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Instrument development
In this section the seven steps in Fig. 2 (1–7) are detailed. 
We first formulated the aim of the test instrument and 
identified the target group as upper secondary and 
undergraduate university students (1). This was followed 
by a literature review to describe fundamental aspects 
of the knowledge required to understand and interpret 

visually communicated information in relation to DET 
(2). These fundamental aspects included subject mat-
ter knowledge (e.g., Cheek 2010), reasoning about rela-
tive temporal magnitudes (Cheek et  al. 2017; Lee et  al. 
2011), interpreting visual inscriptions embedding DET 
(e.g., Gregory 2008; Matuk 2007), and using visual repre-
sentations as a tool to reason about DET (Halverson and 

Fig. 1 Examples of visual representations used to communicate deep evolutionary time in the form of a phylograms, b timelines, c spindle 
diagrams and d variants of bar charts. (Images: Jörgen Stenlund (a, d) and adapted from the public domain (b, c))

Fig. 2 Flowchart outlining the seven methodological steps (1–7) followed in developing and validating the deep evolutionary time visual 
instrument (DET-Vis)
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Friedrichsen 2013). Informed by step (1) and (2), we then 
developed visual items based on declarative and proce-
dural aspects of visual tasks (3), where the visual forms 
were synonymous with those often used (cf. Figure  1). 
A total of 17 items were formulated, where 8 items were 
stipulated as mainly declarative and 9 items as mainly 
procedural. In this third step the content, syntax and 
readability of the items were refined and adapted to an 
online format (Adams and Wieman 2010) in the form of 
multiple-choice questions with four response options. 
Analysis of the readability of the test was performed 
using the Flesch–Kincaid formula.

In the subsequent step 4, content validation was per-
formed by inviting experienced specialists to provide 
feedback on the content and readability of the items. 
Given the aim of the instrument, we sent out the items 
to a group of 20 individuals that included upper second-
ary teachers, university teacher educators, an educational 
psychologist, subject matter experts and science edu-
cation researchers, wherein we received 11 completed 
validations.

Each specialist evaluated a subset of the items so 
that each item was assessed by at least five experts. The 
experts evaluated the content of each item in response 
to three questions (Rubio et al. 2003), namely, (i) Please 
rate the clarity of the item, (ii) Please rate how well the 
item represents knowledge and/or reasoning required 
for understanding evolutionary deep time, and (iii) 
Please provide any comments you might have concern-
ing this test item. In addition to the content validation, 
the understandability of the items was verified from a 
general readability point of view. We approached eight 
persons with varying age and educational backgrounds. 
Three  volunteers (a photographer, a preservice teacher 
and a study counselor) without necessarily any special-
ized knowledge about DET provided individual think-
aloud feedback about the items while responding to the 
pilot test instrument.

During step 5, the responses received from specialists 
and novices formed the basis for a selection, revision, 
and refinement of 14 items for the pilot test instrument. 
We invited Swedish university undergraduate students 
enrolled in either teacher education or a bridging course 
to participate in the survey. A factor analysis of the pilot 
data was then performed (6) where the best performing 
items, based on their factor loadings and recommenda-
tions for online surveys (Adams and Wieman 2010), were 
selected, resulting in a final collection of ten items. In the 
final step (7) the 10-item test instrument was dissemi-
nated among Swedish upper secondary students enrolled 
in various study programs at several schools, and univer-
sity students in four different teacher education programs 
ranging from preschool to upper secondary level at a 

Swedish university. The responses were used to validate 
the instrument through factor and psychometric analysis. 
Each item was formulated as a single-choice, four-option 
multiple choice question with an accompanying visual 
representation. The final 10-item instrument, together 
with the solution key, is presented in the Appendix.

Instrument validation
Recruitment of participants in the validation step aimed 
for a sample of at least 200 persons, which we judged to 
be a suitable target given the number of test items, online 
format (e.g., Adams and Wieman 2010), and recommen-
dations outlined in the literature (Tabachnick et al. 2019). 
For example, according to simulation findings by Pearson 
and Mundform (2010), a sample of at least 85 persons 
could suffice to accurately reproduce a population solu-
tion with two factors given high levels of communali-
ties. Thus, while the data characteristics were not known 
beforehand and larger samples are generally considered 
better, the targeted sample size was deemed to be a rea-
sonable compromise. The 10-item DET-Vis instrument 
was administered as an online electronic questionnaire 
employing Microsoft Forms. In addition to the DET-
Vis instrument, background data were collected about 
respondents’ age, gender, and interest in and prior knowl-
edge about evolutionary history. Participants’ interest in 
evolutionary history was probed with a 4-option ques-
tion “How interested are you in evolutionary history?”, 
with the options ranging from “very uninterested” to 
“very interested”. Knowledge about evolutionary history 
was self-assessed with the item “On a scale from 1 (very 
low) to 7 (very high), rate your overall knowledge about 
evolutionary history”. Data was collected for a period of 
two months and participation was anonymous. All par-
ticipants were informed about the aim of the study, and 
data was collected and treated in line with Swedish ethi-
cal guidelines as well as GDPR stipulations. Each partici-
pant was asked to tick a box in agreement to participate 
in responding to the questionnaire, thus providing their 
informed consent to contribute to the research study.

A total of 212 (73 male, 132 female and 7 other) par-
ticipants responded to the questionnaire during step 
7 (Fig.  3). Respondents’ ages ranged from 15–55 with a 
mean age of 22.6 years as shown in Fig. 3.

The proportion and distribution of the participants’ 
interest ratings is reported in Fig. 4 (top diagram). Partic-
ipants’ self-rated knowledge about evolutionary history is 
depicted in Fig. 4 (bottom diagram) and yielded a median 
value of 4, where 172 (81%) of the students perceived 
their level of knowledge as intermediate (i.e., between 3 
and 5 on the self-rating scale).

Responses to the 10-item instrument were scored by 
assigning a value of 1 for correct responses to an item 
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and a value of 0 for incorrect responses, respectively. The 
possible range of an individual’s total score on the test 
was between 0 and 10.

We validated the test instrument by using exploratory 
factor analysis to investigate any underlying latent factors 
in the collected data. A Kaiser–Meyer–Olkin measure of 
sampling adequacy above 0.6 (KMO = 0.755) indicated 
that the data is suitable for factor analysis (Tabachnick 
et  al. 2019). This was further supported by a significant 
result on Bartlett’s test of sphericity (p < 0.0005) and 

observing multiple inter-item correlations exceeding 0.30 
(Field, 2018). The average inter-item correlation was 0.36, 
which implies a favorable tradeoff between broad range 
and consistency among items (Briggs and Cheek 1986). 
Tetrachoric correlation coefficients were used since the 
data was dichotomous (Field 2018) and factors were 
extracted using principal component analysis of the cor-
relation matrix.

The psychometric properties of the resulting 10-item 
test instrument was characterized in terms of item 

Fig. 3 Age distribution of respondents (n = 212) to the deep evolutionary time test instrument

Fig. 4 Proportion of respondents’ (n = 212) expressed interest (1 = very uninterested, 2 = uninterested, 3 = interested and 4 = very interested), and 
self-rated knowledge (1 = very low knowledge to 7 = very high knowledge) about evolutionary history. The vertical line represents the midpoint of 
the interest and self-rated knowledge scales across both ratings
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difficulty index (the fraction of students who answered 
the item correctly), discrimination coefficient (i.e., cor-
rected item-total correlations) and reliability (Cronbach’s 
alpha overall and if item deleted). The analyses were per-
formed using SPSS version 27, apart from calculation of 
the tetrachoric correlation matrix, which was performed 
using the R-based Jamovi software.

Results
Executing methodological step 7 in Fig. 2 resulted in the 
validation of the DET-Vis 10-item instrument presented 
in the Appendix. Analysis of the 212 responses to the test 
instrument generated a median score of 7.50 (SD = 2.44). 
The median time taken to complete the test was 10.3 min, 
which fits the recommendation for optimal online multi-
ple-choice tests (e.g., Adams and Wieman 2011).

As suggested by Henson and Roberts (2006) and 
Knekta et al. (2019), the number of factors to retain were 
determined using multiple criteria that included Scree 

plot, parallel analysis and Velicer’s minimum average par-
tial test. The scree plot (Fig. 5, continuous line) revealed a 
marked break after the first component, implying a one-
factor solution. This was further supported by parallel 
analysis, wherein the eigenvalues for the data are com-
pared to synthetic eigenvalues for random data of corre-
sponding size (Fig.  5, dashed line). In contrast, Velicer’s 
minimum average partial test (Velicer et  al. 2000) indi-
cated that two factors should be retained. However, given 
that all items loaded heavily onto the first factor, while 
items loaded onto the second factor with lower values 
and in a pattern that did not offer any consistent inter-
pretation, we decided to retain only the first factor. Thus, 
the analyses indicated that the data are consistent with 
one single latent variable. High communality values (> 0.7 
for all but one item, see Table  1) indicate that the vari-
ance in the data is well accounted for by the resulting fac-
tor structure. The extracted factor explained 43.6% of the 
variance. All items loaded onto this variable with factor 
loadings larger than 0.4 as shown in Table 1.

Psychometric properties of the DET-Vis are compiled 
in Table  1. The item difficulty index (i.e., the fraction 
of students who answered the item correctly) ranged 
between 0.56 to 0.81, which indicates that the test has 
an overall moderate difficulty. Corrected item-total cor-
relations were used as the item discrimination coeffi-
cient (i.e., how well an item discerns between high and 
low performing students) and ranged between 0.25 and 
0.53, with an average of 0.40. Values for item discrimina-
tion are typically considered to be acceptable if they are 
0.2 or higher, and very good if they are 0.4 or higher (e.g., 
DiBattista and Kurzawa 2011; Grieger et al. 2022).

Discrimination coefficients were above 0.30 for all 
items except for item 4 and 10 which were close to 0.25. 
Furthermore, Cronbach’s alpha values with an item 
deleted does not indicate any poorly performing items. 
Taken together, the results indicate that the 10-item set 

Fig. 5 Scree plot showing eigenvalues for the 10 extracted 
components (solid line). A marked break after the first component 
suggests a one-factor solution (“Scree test”). Parallel analysis where 
eigenvalues for the data are compared to synthetic eigenvalues 
for random data of corresponding size (dashed line) also support 
retaining one component

Table 1 Item measurement properties of the deep evolutionary time visual instrument (DET-Vis)

Item Item difficulty
index

Discrimination coefficient Cronbach’s alpha,
if item deleted

Factor loadings Communalities

1 0.75 0.49 0.70 0.76 0.90

2 0.79 0.39 0.71 0.66 0.93

3 0.70 0.53 0.69 0.81 0.84

4 0.59 0.25 0.74 0.43 0.99

5 0.79 0.43 0.71 0.70 0.67

6 0.69 0.46 0.70 0.73 0.75

7 0.81 0.43 0.71 0.73 0.85

8 0.56 0.38 0.72 0.62 0.96

9 0.67 0.38 0.72 0.61 0.82

10 0.73 0.25 0.73 0.46 0.96
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exhibits acceptable psychometric properties, and meas-
ures a single dimension of knowledge about deep evo-
lutionary time with adequate reliability (Cronbach’s 
alpha = 0.734) (e.g., Ursachi et al. 2015).

Discussion and implications
Our aim with this study was to develop an instrument for 
evaluating students’ knowledge in relation to interpreta-
tion and understanding of visual representations of DET. 
A seven-step method yielded a unidimensional, valid, 
and reliable ten-item deep evolutionary time visual test 
instrument (DET-Vis). DET-Vis contributes a diagnostic 
tool to the evolution education literature for measuring 
upper secondary school and undergraduate students’ 
knowledge in relation to interpreting and understanding 
the visual communication of deep evolutionary time. In 
doing so, development and validation of DET-Vis con-
tributes to Furrow and Hsu’s (2019) call for new assess-
ments on previously unexplored aspects in evolution. 
Overall, the analysis and results indicate that the test 
instrument is unidimensional and of moderate difficulty. 
We suggest that the underlying and latent factor meas-
ured can be defined as “knowledge of visual representa-
tions of deep evolutionary time”.

Potential aspects of knowledge required to respond 
to DET‑Vis
The DET-Vis items cover various aspects of DET that 
include recognizing order of events, discerning concur-
rency of events, and estimating and comparing time 
intervals (cf. Aigner et  al. 2007; Stenlund and Tibell 
2019). In this section we discuss, in turn, which of these 
time aspects the items may require knowledge about to 
answer. We also discuss whether aspects such as under-
standing of depicted biological relatedness or organism 
abundance were necessary, and the extent of potential 
declarative and procedural knowledge needed. Further-
more, we interpret the results in consideration of the 
revealed difficulty index and item discrimination in light 
of these cognitive requirements.

All items require participants to locate different tem-
poral events regardless of whether the task requires abil-
ity to identify correct order of events, ability to observe 
their co-occurrence or making estimates about intervals. 
The items that focus on temporal order are 1, 3, 5, 7, 8 
and 10 (Appendix), which all accompany phylogenetic 
trees requiring the respondent to engage declarative 
knowledge about the visual conventions used to por-
tray the directionality of time (i.e., the order of events). 
Responding to items 1, 3 and 7 exclusively requires 
declarative knowledge about the visual convention that 
the root of a phylogram represents the most distant past 
and the branches lead to the more recent past. These 

three items all had high difficulty indices (i.e., were fairly 
“easy” to respond to) as well as high discrimination coef-
ficients. Items 5 and 10 differ from items 1, 3 and 7 in 
that they also require knowledge about conventions 
for visually depicting relationships. Elements of proce-
dural knowledge (i.e., comparing the intersecting points 
of several lineages) are also necessary to solve items 5 
and 10. Despite their apparent supplementary cognitive 
demands, the difficulty index for these items emerged as 
0.79 and 0.73, respectively. Nevertheless, they still dis-
criminate adequately, which is a favorable criterion for 
moderately difficult items (Grieger et al. 2022; McGahee 
and Ball 2009). In contrast, item 8 proved to be the most 
difficult item of the instrument. Not only does it require 
declarative knowledge about order of events, but also 
procedural knowledge to mentally compare and judge the 
branching pattern of four phylograms to identify which 
two are similar and to understand that identical branch-
ing patterns represent the same relationship (Baum et al. 
2005; Halverson et  al. 2011). Despite the items above 
showing moderate difficulty indices, their high discrimi-
nation coefficients serve to strengthen their suitability as 
tools for diagnosing knowledge about the visual commu-
nication of DET.

Three items (2, 6 and 9) of the instrument focus on 
understanding temporal aspects of visualizing concur-
rency. They all likely require procedural knowledge (abil-
ity to find and compare temporal locations to deduce an 
answer) in parallel with a degree of declarative knowledge 
(e.g., understanding that rectangular bars positioned at 
the same "level" in the diagram represent concurrency). 
All three diagrams associated with the items have a verti-
cal time axis and communicate occurrences of organisms, 
and in addition, item 2 includes information regarding 
abundance. All three items had good discrimination val-
ues (Grieger et al. 2022; McGahee and Ball 2009), which 
make them useful for measuring knowledge needed to 
perceive concurrent events.

Item 4 of DET-Vis involved estimations and compari-
sons of time intervals. It is the second most challenging 
item (difficulty index = 0.59) and needs students to map 
time intervals onto the visual of an outstretched human 
arm. To correctly deduce the correct alternative, students 
need to perform an arithmetical procedure to deduce the 
intervals that then have to be transformed to a spatial dis-
tance mapped onto the arm. Notwithstanding the second 
lowest difficulty index of the instrument, item 4 also dis-
plays a high discrimination value (0.58), thus providing 
information about the ability to compare time intervals.

The above description on the potential influence of 
aspects of knowledge in responding to DET-Vis sup-
ports the earlier described viewpoint of ten Berge and 
van Hezewijk (1999). Here, we regard the distinction 



Page 10 of 15Stenlund et al. Evolution: Education and Outreach           (2022) 15:12 

between declarative knowledge (knowledge about visual 
conventions) and procedural knowledge (knowledge 
about how to apply conventions) as non-dichotomous, 
but rather intertwined and overlapping. In this light, the 
items might rather be thought of as existing on a contin-
uum that draws on components of both procedural and 
declarative knowledge during problem solving.

Limitations
Although conducting the study has yielded a reliable 
and valid instrument around a unidimensional con-
struct, there are three potential limitations. Firstly, 69% 
of respondents in the validation phase were either inter-
ested or very interested in evolutionary time. This might 
have constituted a potential bias toward more respond-
ents being exposed to the visual communication of DET 
and in turn, a slightly inflated difficulty index. Despite 
this possibility, the average item discrimination coeffi-
cient of 0.40 indicates a good discriminatory power of the 
instrument (DiBattista and Kurzawa 2011; Grieger et al. 
2022), a favorable characteristic for diagnostic tools in 
science education (e.g., Preece and Baxter 2000).

Secondly, the test was validated in Swedish educa-
tional settings at upper secondary and undergraduate 
levels. Further work may thus be needed to extend the 
validation to wider educational contexts in terms of age, 
nationality, and educational levels, as well as larger sam-
ple sizes. Albeit so, the validation was performed across 
a variety of educational settings (e.g., science programs, 
social science programs, and preschool and compulsory 
teacher training programs).

Thirdly, the scientific basis and visual communication 
of DET is the topic in focus in this paper. As Darwin 
(1859) already acknowledged, DET is a fundamental pre-
requisite for the theory of evolution. For this reason, any 
ontologically different world view that rejects the scien-
tific estimates of the age of the earth and the origin of life 
would constitute a limitation that could skew responses 
to erroneous times. According to Heddy and Nadelson 
(2012) religiosity, school-life expectancy, science literacy, 
and GDP per capita are factors strongly correlated to 
public acceptance of evolution. It is less likely that these 
factors have influenced the validation of this test in a 
Swedish context, but implementation of the test in other 
contexts could potentially render the influence of factors 
such as world views opposed to the scientific view.

Considerations for classroom practice and future work
Apart from serving as a diagnostic tool, the instrument 
can be applied for pedagogical use in classroom prac-
tice. For example, the test could be used to establish a 
knowledge baseline prior to (and/or following) class-
room teaching of evolutionary time, or related evolution-
ary concepts. In this way, it could also be employed as 
an accompaniment to summative assessment strategies. 
Furthermore, it could contribute to formative approaches 
(e.g., Adams and Wieman 2010) for improving under-
standing of the construct (e.g., Lee et al. 2011), through 
class discussion of individual or selected test items, as 
well as the nature and characteristics of visually com-
municating DET in relation to evolutionary knowledge. 
Such endeavors could also be carried out in conjunction 
with discussing other visual forms of DET (e.g., Fig.  1). 
Apart from a DET context that often includes tree rep-
resentations to communicate the common ancestry of 
life, exposing students to visual representations such as 
tectonic plate movement and mineral and rock forming 
processes over geologic time might also allow them to 
conceptualize deep time in other contexts.

DET-Vis is a reliable and valid tool to measure a uni-
dimensional construct, and there is an indication that 
both declarative and procedural knowledge structures 
are inherent in the construct of students’ knowledge of 
the visual communication of DET. Future work could 
be directed toward attempts to quantify to what extent 
each of these aspects might be diagnosed in further test 
development around DET. In line with the way students 
are typically exposed to visual representations of DET, 
static visual representations were used in the construc-
tion of DET-Vis. Further work could also consider how 
test items might be designed and validated to diagnose 
students’ interpretation and understanding of emerging 
dynamic and interactive visualizations of DET, where the 
student has to connect dynamically visualized trees and 
DET (e.g., Stenlund et al. 2021).

Appendix: Deep evolutionary time visual 
instrument (DET‑Vis)

 1. The displayed tree of life shows six different species 
(represented by letters). In which direction is the 
passage of time?
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 2. The diagram shows the abundance of species in 
three plant groups during six geologic periods. 
Which statement is best supported by the diagram?

 3. The displayed tree of life shows six different species 
(represented by letters). In which direction is the 
passage of time?

 4. If the shoulder represents the formation of earth 
(4600 million years ago) and the tip of the middle 
finger represents present time, which position (a, b, 
c or d) represents when fish first appeared 500 mil-
lion years ago?

 5. Which of the points (1, 2, 3 or 4) in the diagram 
indicates the most recent common ancestor of spe-
cies S and Z?
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 6. The diagram shows the occurrence of different spe-
cies during human evolution. Which statement is 
correct?

 7. The displayed tree of life shows six different species 
(represented by letters). In which direction is the 
passage of time?

 8. Each of the following trees shows six different spe-
cies (1–6). Which two trees depict identical rela-
tionships?

 9. Fossils can be dated by comparing other fossils in 
the same rock layer which existed during known 
periods (index fossils). What period (1, 2, 3 or 4) 
does the unknown fossil belong to?
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 10. The species represented by the letters are related. 
Which of the following species is most closely 
related to species K?

Correct responses

 1. Alternative 1
 2. Alternative 3
 3. Alternative 4
 4. Alternative 3
 5. Alternative 4
 6. Alternative 1
 7. Alternative 3
 8. Alternative 4
 9. Alternative 3
 10. Alternative 3

Abbreviations
DET: Deep evolutionary time; DET-Vis: Deep evolutionary time visual 
instrument.
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Visualizing macroevolutionary timescales: 
students’ comprehension of different temporal 
representations in an animation
Jörgen Ingemar Stenlund1* and Lena Anna Elisabet Tibell2

Abstract 

Background: Macroevolutionary time is a difficult idea to grasp and is considered to be a threshold concept in 
teaching and learning evolution. One way of addressing this subject is to use animations that represent evolutionary 
time. The aim of this descriptive and exploratory study was to investigate how various representations of time in an 
animation affect the way undergraduate students comprehend different temporal aspects of hominin evolution. Two 
factors, namely differences in timelines (the number of timelines with different scales) and the mode of the default 
animated time rate (either constant throughout the animation or decreasing as the animation progressed) were 
combined to give four different time representations. The temporal aspects were investigated using undergraduate 
students’ ability to find events at specific times, to comprehend relative order, to comprehend concurrent events, to 
estimate the duration of time intervals and their ability to compare the lengths of time intervals.

Results: The results revealed that “finding events at specific times” near to the end of the animation (closer to present 
time), where the sequence of events appeared very quickly, was more difficult for groups working with animations 
with only one timeline. We also found that the ability to comprehend concurrent events can be impaired if several 
timelines are displayed and the animation speed is relatively high. The ability to estimate the duration of a time inter-
val was more difficult for groups working with animations with only one timeline, especially at the end of the anima-
tion where the sequence of events occurred quickly. Making correct comparisons of time intervals was relatively 
independent of which animation was used with one notable exception: groups working with an animation featuring 
several timelines and a decreasing default animated time rate performed worst at comparing events with intervals 
that spanned parts of the timeline with different scales.

Conclusions: Our results indicate that the choice of animation should depend on the teaching intention. However, 
a visualization with several timelines, and an animated time which slowed down toward present time, generated the 
best results for the majority of items tested. Temporal scale shift may interfere with the perception of time in cases 
where durations are compared.

Keywords: Evolution, Visualization, Threshold concept, Deep time
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Background
Challenges associated with teaching and learning 
evolution
The theory of evolution is considered to be the most 
important theory in biology, since it underpins all bio-
logical disciplines from ecology to molecular biology and 

biochemistry (Dobzhansky 1973). It explains how all life 
forms are related, how different organisms derive from 
a common ancestor, and how species have diversified. It 
has a bearing on issues from bacterial resistance to anti-
biotics as well as adaptations to climate change. Hence, 
evolution is clearly of critical importance for biology edu-
cation and for understanding many aspects of fundamen-
tal science and the diverse challenges facing individuals, 
communities, and global ecosystems.
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However, teaching and learning about evolution is 
challenging for different reasons. A number of teaching 
strategies and tools have been developed over the past 
30  years (Andersson and Wallin 2006; McVaugh et  al. 
2011; Nehm and Reilly 2007; Nelson 2008; Sinatra et al. 
2008) which have contributed to meaningful strategies 
for teaching evolution. Compilations of pedagogical and 
philosophical issues related to teaching and learning 
evolution have been published (Smith 2010a, b). Never-
theless, various obstacles regarding teaching evolution 
need to be further addressed by researchers and teach-
ers. In fact, robust misconceptions relating to evolution 
are frequent among learners (Smith 2010a), and previous 
research has confirmed that there are a variety of prob-
lems facing teachers as well as for example curators at 
museums in communicating evolutionary content (Har-
court-Smith 2012). Hence, it is crucial to find the main 
difficulties and to identify new approaches to overcome 
them.

Some of the difficulties in understanding evolution 
stem from problems in comprehending underlying, more 
general, concepts. In recent literature on evolution teach-
ing and learning, a new class of concepts, “threshold 
concepts”, have emerged (Meyer and Land 2003). They 
are defined as follows: “A threshold concept can be con-
sidered as akin to a portal, opening up a new and previ-
ously inaccessible way of thinking about something. It 
represents a transformed way of understanding, or inter-
preting, or viewing something without which the learner 
cannot progress.” (Meyer and Land 2003: 1). Several 
threshold concepts in association with evolution have 
been proposed among those is “temporal scale” (Ross 
et  al. 2010), which in biology can span billions of years 
to instantaneous time. Strategies for how to incorporate 
threshold concepts, such as time, in teaching evolution is 
further discussed by Tibell and Harms (2017).

In this exploratory and descriptive study, we focus 
on one of the threshold concepts, time, and on how the 
design of visual representations in an animation affects 
students’ comprehension of evolutionary deep time. 
The study seeks to contribute to the discussion on how 
visualizations can be designed to facilitate teaching and 
learning about issues where time scales are important to 
understand.

“Time” in teaching and learning about evolution
Evolution is a complex process depending on of several 
factors, often involving very large and very small quan-
tities such as large populations sizes, low mutation fre-
quencies and enormous numbers of generations. In other 
words, understanding evolution requires the learner to 
be able to integrate phenomena across diverse temporal 
and spatial scales. Deep time is a fundamental element of 

this complexity. The definition of evolution according to 
Henderson’s dictionary of biology (Lawrence 2013: 218) 
includes “the development of new types of living organisms 
from pre-existing types by the accumulation of genetic dif-
ferences over long periods of time.” This definition empha-
sizes the involvement of a vast number of generations 
in the development of new species, and for most multi-
cellular organisms this means thousands to millions of 
years—deep time. Furthermore, comprehension of large 
numbers associated with deep time have proved to be 
challenging for many students (Cheek 2012). Integrat-
ing these scales in evolution lies completely beyond the 
human range of experience, and poses major educational 
challenges.

Representation of deep time
During the 17th and 18th centuries, the notion of the 
earth being very old emerged. The geologist James Hut-
ton (1726–1797) coined the term “deep time”, referring 
to geological time, that is, time frames covering multi-
ples of millions of years—an idea further developed by 
Charles Lyell (Lyell and Deshayes 1830). Deep time has 
subsequently been introduced into evolution theory. Sev-
eral studies have emphasized the importance of learners’ 
understanding of deep time in evolutionary and geo-
logical education (Catley and Novick 2009; Dodick 2007; 
Trend 2001). However, timescales covering deep time 
are different from those we experience in our daily lives, 
hence they present challenges in understanding evolu-
tionary processes (Catley and Novick 2009).

As deep time is an abstract domain, it is usually shaped 
by metaphorical mappings from more concrete domains, 
primarily space (Boroditsky 2000; Lakoff and Johnson 
1999). This means that thinking about time usually occurs 
in terms of spatial-relational information. For example, 
elements and their relationships are represented as loca-
tions, and durations are represented as distances on a 
timeline (x-axes) (Boyd-Davis 2012; Lakoff and Johnson 
1999). Provided with an animated cursor indicating time-
passage, the animated rate of time can also be temporally 
changed (“compressed” or “expanded”) in relation to real 
time (i.e. that 1000 years for example can correspond to 
the distance the cursor has moved during 1 s). Thus, the 
timeline and the time-rate metaphors can be combined, 
by letting a cursor marking the time at the timeline at 
constant or varying rates (see “Representations of time in 
evolution” below).

In what is referred to as the “time orientation meta-
phor” (Lakoff and Johnson 1999), the observer is situated 
at the present, facing the future with the past behind. 
Since a common conceptual metaphor for time passing 
is motion in space, the time orientation metaphor can 
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be combined with what Lakoff and Johnson (1999) term 
“the moving observer metaphor”. In this metaphor the 
observer is moving towards the future leaving the past 
behind with time conceptualized as a series of locations 
(Lakoff and Johnson 1999). Timelines with an animated 
cursor marking the present resonate with this combi-
nation of the time orientation metaphor and the mov-
ing observer metaphor. One way of making the abstract 
concept of time more concrete is to map it visually onto 
space in the form of timelines. This has been done over 
the last 250  years (Boyd-Davis 2012). The mapping of 
time to space also appears frequently in language and 
may even constitute a foundation to our reasoning and 
thinking about time (Boroditsky 2000).

Understanding deep time
The concept of deep time comprises several compo-
nents and requires the ability to locate and order events 
in history over a large linear scale, as well as the ability 
to estimate a duration and to compare it to other events 
or processes (Cheek 2013a; Hidalgo et al. 2004). Further-
more, the ability to compare how long ago two events 
occurred from a fixed reference point is of importance 
(Hidalgo et al. 2004). An aspect of time that is less well 
represented in previous research is a learner’s ability to 
comprehend the concurrency of events. In addition, 
according to Cheek (2010, 2012), the ability to correctly 
conceptualize events in deep time depends on a solid 
conception of large numbers and the proportion between 
them (e.g. the difference between one million and one 
billion). Since most students do not have much experi-
ence of large numbers this can be challenging to relate 
to. Furthermore, subject-specific knowledge is essential 
to provide suitable reference points (Cheek 2013b; Clary 
et al. 2009).

Digital representations, time and learning
Developments in educational technology have become 
relevant for teaching and learning (Luckin et  al. 2012; 
Moreno and Mayer 2007) and enable new ways of rep-
resenting time (Kraak et al. 1997; Peterson 1999). Mon-
monier (1990) presented a conceptual framework for 
the graphical representation of geographic time series 
to guide designers. He distinguished between two strat-
egies available in digital environments: an interactive 
system allowing the user to manipulate time series easily 
and animation graphics, where the sequence is ordered in 
time, turning the visualization into a model with spatial 
scales with different time rates.

Research in GIS (Geographical Information Systems) is 
extensive and might be used in reference to spatio-tem-
poral animations. It has shown how different representa-
tions of time affect users. In a study carried out by Edsall 

et al. (1997), and later confirmed by Midtbø et al. (2007), 
three different representations of time were investigated: 
a timeline, a time wheel and a text-based legend. No sig-
nificant differences in the performance among groups 
working with the different representations could be 
shown. Vít and Bláha (2012) studied time represented as 
a temporal axis, with time units of consistent length and 
a movable slide bar illustrating the rate of time, proved to 
be most user-friendly when compared to the representa-
tion with units of varying length and a movable slide bar 
moving at a constant speed.

Cognitive load and visualization of time
A well-documented aspect of multimedia learning is the 
magnitude of cognitive load associated with the visuali-
zation. A large body of basic research has been devoted 
to this particular area and general frameworks have been 
developed (Baddeley 2003; Moreno and Mayer 2007; Paas 
et  al. 2003; Sweller 1988). These are based on  assump-
tions about human knowledge such as the limited pro-
cessing capacity  (Baddeley 1992) and  the dual channel 
assumption  (Sweller 2005). The importance  of  choosing 
well designed animations in appropriate learning situa-
tions has also been stressed by Tversky et al. (2002). Of 
special interest for this study is the cognitive load attrib-
uted to the mental effort required to be spent on the 
manner in which information is presented (Paas et  al. 
2003). This type of load is largely determined by how 
instructional materials are designed.

Since more is usually known about the recent past than 
the distant past, there is a tendency for a natural overload 
of information as the timeline reaches the present day 
(Boyd-Davis 2013). This also applies to knowledge about 
evolutionary history since more information is available 
from recent times (e.g. fossils and organic remains are 
more abundant) compared to the material from more 
ancient times which have largely been decomposed. 
This type of “design problem” in visualizations of time-
lines with uneven distribution of events has also been 
addressed by Vít and Bláha (2012). From a design point 
of view, optimizing the narrative structure has meant 
making compromises between the need for “higher res-
olution”, in terms of a slow animated rate of time and 
detailed timelines during periods with a large number 
of events, and the need for a faster animated rate of time 
during periods with fewer events.

Representations of time in evolution
Visual representations have the potential to transform 
science education in making abstract and non-perceptual 
content concrete. In fact, Kozma et al. (2000) have shown 
that scientific progress is tightly connected to the ability 
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to model abstract and complex content. Multimedia and 
dynamic visual representations, such as videos and ani-
mations, are approaches for connecting time frames and 
illustrating dynamic processes. In the context of evo-
lution, animations and simulations could be useful to 
depict non-perceptual, complex and dynamic processes 
such as speciation and changes in abundance and distri-
bution of species over a long time.

Given this important role of visual representations, 
Bohlin et  al. (2017) have previously surveyed the pres-
ence of threshold concepts in 60 online dynamic visu-
alizations. This study revealed a clear lack of certain 
thresholds such as small spatial and temporal scales. 
In a follow up study (Tibell et al. 2016), the presence of 
time and visual temporal scale indicators in 127 dynamic 
visual representations were analyzed. The most frequent 
category of threshold concepts was time, which was 
found in about 26% of the studied dynamic visual repre-
sentations, and approximately as often orally narrated as 
visually shown. The processes were indicated at individ-
ual, generation and species level, and were visually con-
veyed through timers, geological strata in combination 
with timelines, calendars where dates and years past very 
quickly, or an episode of “fast forward”.

The timeline, as a device for organizing coherent 
sequences of events, has been the focus of many stud-
ies (Boyd-Davis 2012; Foreman et al. 2008; Korallo et al. 
2012), which have included the construction of student 
generated timelines to investigate understanding of deep 
time (e.g. Cheek 2012; Clary et  al. 2009; Libarkin et  al. 
2007; Truscott et  al. 2006). The understanding of dif-
ferences in temporal scale between events is poor but 
comprehension of relative order is better (Libarkin et al. 
2007).

Literature suggests that how well a particular repre-
sentation of time can support a learner in understanding 
temporal aspects of a sequence depends on many factors 
such as the learner’s existing knowledge and capabilities, 
as well as the design, purpose and context of the anima-
tion (Ainsworth 2008a). In this study, we have focused on 
design issues. From a didactic point of view, it is impor-
tant that the design of any animation serves the intended 
educational purpose. However, there are many different 
aspects to consider, some of which compete and are even 
contradictory. For example, in spatio-temporal anima-
tions, there may be a need for a narrative flow, that is, a 
relatively even frequency of occurring events, coupled 
with the need to display prolonged time intervals with 
few events (Boyd-Davis 2013; Vít and Bláha 2012). The 
problem of uneven distribution of events requires con-
sideration as to whether it is important that users should 
perceive the presented information intuitively or be able 

to process the information further through other pro-
cesses such as making calculations. Therefore, an aware-
ness of how different temporal representations serve 
different educational purposes is important for designers 
of applications, as well as for teachers choosing among 
the multitude of available animations.

One of the most common representations of deep 
time is a physical, linear and one-dimensional timeline 
placed in the corridor of a school (Truscott et al. 2006). 
Since it is known that students tend to overestimate very 
short durations and underestimate very long durations 
(Lee et  al. 2011), this kind of linear representation can 
facilitate understanding of deep time. However, Lee et al. 
(2011) caution the use of visualizations that alter the rep-
resentation of time rate for the same reason.

Other ways to communicate temporal information 
include the use of multiple representations, but the way 
time is displayed is crucial to consider (Ainsworth and 
VanLabeke 2004). General principles for how multiple 
external representations can serve several functions have 
been discussed by Ainsworth (1999). However, there is 
also considerable evidence that learners often fail to take 
advantage of multiple representations, and that they gen-
erally need to be used in a supportive context (Ainsworth 
2008b).

A different way of representing time is through the use 
of evolutionary trees. The main goal in this regard is to 
illustrate relationships between species, but attempts to 
depict time are sometimes included. In most cases, how-
ever, time is not illustrated using a common time repre-
sentation but rather through a convenient sliding scale 
(Horn et al. 2016).

A summary of some relevant factors that might hinder 
or improve the understanding of time scales is presented 
in Table 1.

Purpose of the study
There are few studies that have investigated how deep 
time and temporal scales affect teaching and learning 
evolution, and almost none on how visualizations can 
support learning in this regard. Since time can be illus-
trated in many different ways (Ainsworth and VanLabeke 
2004) an important aspect to consider is the relationship 
between how dynamic representations affect student’s 
perception and comprehension of various temporal 
aspects.

In this exploratory and descriptive study, the investi-
gated aspects are deduced from prior research in differ-
ent areas, which include:

• The ability to find events at specific times (Hidalgo 
et al. 2004).
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• The ability to comprehend the relative order of events 
(Catley and Novick 2009; Libarkin et al. 2007; Trend 
1998, 2000, 2001).

• The ability to estimate the duration of a time interval 
(Cheek 2013b; Dodick and Orion 2003).

• The ability to compare different temporal durations 
(Cheek 2013a; Hidalgo et al. 2004).

• The ability to comprehend the concurrency of events 
(Mayer and Moreno 2003).

We have constructed one animation with four versions 
of a time representation. Each of the time representations 
have been analyzed regarding these temporal aspects.

Methods
Setting and sample
This study involved 144 university students enrolled 
in a teacher education program while attending a biol-
ogy course at a Swedish University. To obtain sufficient 
numbers of participants and to be able to develop the 
design of the study, we collected data in four rounds over 
15 months (Table 2). The average age of the students var-
ied between 22.6 and 24.5  years in the different rounds 
of data collection. The gender distribution was biased 
towards females (78%) which also reflects the current 
gender balance in recruitment for this type of education. 
We obtained consent to publish the anonymized results 
from all the participants.

According to a questionnaire distributed before the 
study, the participants had a similar educational back-
ground and interests. Since hominin evolution had not 
been taught in any of the courses the students were 
tested concerning their pre-knowledge of hominin evolu-
tion. Furthermore, we used items to test students’ arith-
metic skills, ability to interpret graphical representations 
of timelines, and to compare the size of graphical objects 
(see Appendix, questions 9–13). Since the test items (see 
Table 4 below) include mathematical skills the results did 
not indicate any notable difference between the groups.

Table 1 Important factors that might hinder or improve the understanding of time scales

Difficulties associated with understanding time in general Ways to address the difficulty (or factors that can facilitate 
understanding of time)

a. Time is an abstract concept which has to be conceptualized in other 
domains

Time is usually visualized as space and concretized as spatial distances 
(Boroditsky 2000; Lakoff and Johnson 1999)

b. Evolutionary time is a highly abstract concept which is hard to concep-
tualize since it is unfamiliar to human experience

Evolutionary time can be metaphorically mapped to familiar and concrete 
objects such as calendars, clocks, distances along a path or as timelines 
(Catley and Novick 2009; Hidalgo et al. 2004)

c. Shifts in scales (e.g. temporal scales) are hard to grasp. There is a 
tendency to underestimate the size of very large numbers and to over-
estimate the size of very small numbers

An alternative to bridge gaps between different scales is bootstrapping, 
(i.e. using the full magnitude of one scale and linking it to a fraction of 
another scale) to relate the scales (Lee et al. 2011)

Difficulties associated with the design of temporal information 
in animations

Ways to address the difficulty (or factors that may improve 
understanding of time in animations)

d. The explicit temporal information in a visual representation can contrib-
ute to cognitive load if it splits attention and competes with the process 
depicted

Addressing cognitive load by considering established design principles 
around starting, stopping and replaying the animation (Kraak et al. 
1997; Mayer and Moreno 2003; Peterson 1999)

e. The narrative structure of an animation can be skewed due to an uneven 
distribution of events since usually more is known about the recent past 
than the distant past causing an uneven distribution of known events or 
processes

One way of addressing this problem is to use multiple external represen-
tations (Ainsworth and VanLabeke 2004). Another option is to use a 
variable representation either of the animated “time rate” or the spatial 
representation of time, that is with variable time units (Vít and Bláha 
2012)

f. The use of visualizations that alter the speed of changes can reinforce the 
tendencies to underestimate the size of very large numbers and to over-
estimate the size of very small numbers

Avoid visualizations that alter the speed of changes (Lee et al. 2011)

Table 2 Participants in  the  different rounds of  data 
collection

a The Natural Sciences Competence Educational Course is a complementary 
course providing students with formal competence for studies in science at 
university level

Data 
collection 
round

Students’ enrollment Male Female Total

1 Pre-service primary teachers 9 32 41

2 Students attending Natural Sci-
ences, Competence Educational 
 Coursea

14 18 32

3 Pre-service primary teachers 5 51 56

4 Pre-service primary teachers 4 11 15
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The animations
In this paper, we will use the term “animation” to define 
a form of dynamic representation that displays processes 
that change over time. This conforms to the definition of 
animation used by Ainsworth (2008a).

Since it was relevant to the participants, and it was 
considered as a highly motivating topic for students in 
general, we chose the evolutionary history of hominins 
as an example of macroevolution (Bajd 2012; Besterman 
and Baggott La Velle 2007). The timescale involved in the 
visualization covers about 7 million years (Wood 2010), 
which is a relatively short time in evolutionary terms, but 
far beyond human experience.

We constructed four versions of a three-and-a-half 
minute long spatio-temporal animation specifically for 
this research project to investigate how different repre-
sentations of time would affect learning. It was inspired 
by similar visualizations used in museums (e.g. Naturhis-
toriska riksmuseet in Stockholm, Sweden) and available 
on the internet.

The animations were designed as a map upon which 
animated areas were superimposed (Fig.  1). Each area 
represented the appearance, dispersal and disappear-
ance of a chosen sample of different species, or groups 

of species in hominin evolution. The scenario was based 
on a selected sample of fossil findings covering homi-
nin history (Wood 2010). All versions of the animation 
shared these features, the only difference being how time 
was represented. The visual representation of time was 
located below the map at the bottom of the animation 
and consisted of two components: one or several time-
lines with different scales, and an animated cursor mov-
ing horizontally along the timeline, indicating current 
time and rate of time in the animation. The participants 
were able to start, stop and replay the animation.

The animations used in the study can be accessed at 
http://urn.kb.se/resol ve?urn=urn:nbn:se:liu:diva-15323 5.

Different versions of the time representation
Much more is known about  recent evolutionary history 
compared to more ancient times, just because the more 
ancient material has largely been destroyed. Therefore, 
the risk of information overload as the timeline reaches 
present day is difficult to avoid unless the default ani-
mated rate of time slows down, in which case perception 
of time might be affected. To investigate this issue, we 
constructed four variants of the same animation differing 
only in how time was represented.

Fig. 1 A visualization with the animated “current time cursor” positioned to the far right (i.e. close to present time). The timeline, visible in this image 
(timeline 1) span 7 million years. The areas superimposed on the maps represent the distribution of different hominin species, or groups of species, 
at any specific time
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We compared the effect of a time rate which varied 
versus a constant time rate. Furthermore, we compared 
the effect of a single scale versus emerging magnified 
scales by bootstrapping, that is, the method to use the 
full extent of one scale and link it to a fraction of another 
scale (Lee et  al. 2011). These two factors, the time rate 
and the number of timelines with different scales were 
combined to yield four versions of time representations 
(Table 3). In the following text we use the expression rate 
of time to denote the default animated rate of time as it 
is represented in the temporal legend, unless otherwise 
stated.

In animation A only one timeline was used (timeline 
1), and the rate of time (indicated by an animated cur-
sor) was the same throughout the animation, and was 
equivalent to 33,333 years per second (Fig. 2). However, 
timeline 1 was divided into three parts, the first covering 
7 million years ago (7 Ma) to 2.3 Ma, the second covering 

the period between 2.3 and 0.23 Ma, and the last cover-
ing 0.23 Ma—present day. The indicator of time rate and 
current time was an animated cursor moving along the 
timeline.

Animation B comprised, as A, of only one timeline 
(timeline 1, see Fig. 2) but the rate of time changed twice 
as the animation reached the second and the third parts 
of the timeline. The rate of time was 49,500  years per 
second during the first part of the timeline (blue) which 
covered the period 7–2.3 Ma ago, 25,000 years per sec-
ond during the second part (brown) which covered 2.3–
0.23 Ma ago and 7200 years per second during the most 
recent and final part (red) covering 0.23 Ma–present day.

In animation C, the rate of time was the same through-
out the animation (as in A), but the uppermost timeline 
(timeline 1) was sequentially complemented with two 
timelines of increasing magnification scales (timelines 
2 and 3, see Fig. 3) as the animation reached the second 
and third parts of timeline 1. This design is an example of 
shifting scales by bootstrapping (Lee et al. 2011).

In animation D, the timeline was constructed as in C, 
but the rate of time changed twice (as in animation B) 
as the animation reached the second and third parts of 
timeline 1 as in animation B, each speed reduction coin-
cides with the appearance of timelines 2 and 3 below 
timeline 1, respectively.

Table 3 Combinations of  animated rate of  time 
and  number of  timelines with  different scales (subsumed 
as the different temporal legends)

Time rate 1 timeline with 1 scale 3 timelines 
with 3 
scales

Constant Animation A Animation C

Varied Animation B Animation D

Fig. 2 The timeline (timeline 1) used in animations A and B. The cursor indicating time in the animation is visible in this figure to the far right

Fig. 3 The three timelines used in animations C and D. The uppermost is timeline 1, which looks the same in all of the animations. The two 
underlying timelines (2 and 3), shown below, represent fractions of timeline 1 but expressed in successively larger scales. Timelines 2 and 3 emerged 
as the current time cursor approached 2.3 and 0.23 Ma respectively before present day



Page 8 of 15Stenlund and Tibell  Evo Edu Outreach            (2019) 12:8 

Test items
We developed ten items to address the different aspects 
of time formulated in the research questions (Table  4). 
To elucidate differences caused by the different anima-
tions we grouped the items in pairs which corresponded 
to the five research questions. One of the items in each 
pair was expected to be in principle less independent of 
which animation that was used (i.e. earlier in the anima-
tion). The other item was expected to be dependent on 
which animation that was used, since it targeted events 
during the last 230,000 years where the scales and rate of 
time differed in the four animations.

Study design
The study was designed to investigate how students 
perceived the depicted process while viewing one ver-
sion of the animation (version A, B, C or D, see Table 3). 
The students worked individually, and were presented 
with two equally-sized windows shown concurrently 
on a computer screen. One displayed a specific version 
of the animation and the other displayed the items. An 
online survey tool (Limesurvey GmbH/LimeSurvey: An 
Open Source survey tool/LimeSurvey GmbH, Ham-
burg, Germany. URL http://www.limes urvey .org) was 
used to construct the questionnaire and collect data. 
The students worked with the items simultaneously as 
they viewed the animations since we were interested in 
the process of perceiving and comprehending the infor-
mation while it was presented.

Data analysis
The students’ responses to the items were categorized 
as either “correct” or “incorrect”. The criteria used to 
categorize the answers concerning finding events at 
specific times were as follows: maximum 10% deviation 
from the correct answer were considered as correct, 

and deviations exceeding 10% deviation from the cor-
rect answer were considered to be “incorrect”. Since 
items addressing estimates of duration required esti-
mates of two points in time, a maximum of in total 
20% deviation from the correct answer was judged as 
“correct” and values exceeding 20% deviation from the 
correct answer were considered to be “incorrect”, and 
scored 0 points. The answer to item 3 “What differ-
ent species of Hominins existed between the penulti-
mate and the last ice age?” had a unique format which 
was categorized as correct if two or more species were 
named. To normalize the results, they are expressed as 
percent of correct answers for each group.

Results
Results concerning the participants’ ability to answer 
items related to the animations are presented in Table 5. 
The results are presented as average values for each 
group and item and the corresponding percent of cor-
rect answers. In the following, each research question is 
addressed separately.

Students’ ability to find events at specific times
Finding events at specific times located in the first 
part of timeline 1 (Fig.  2) was examined with the first 
item (“When did the group Australopithecus spe-
cies appear?”). The different groups had similar success 
in answering this item. The fraction of students who 
answered correctly varied between 73 and 81% in the dif-
ferent groups.

The second item (“When did the last ice age begin?”) 
was apparently more difficult to answer. It addressed a 
point in time at the end of the animation, in the third part 
of the timeline, where all three timelines with increasing 
scales were visible in animations C and D (Fig.  3). The 
groups using animations with only one timeline (anima-
tions A and B, see Fig. 2) demonstrated difficulties. None 

Table 4 Test items used in the study

Item Category

1. When did the group with Australopithecus species appear? Finding events at specific times

2. When did the last ice age begin? Finding events at specific times

3. What different species of hominins existed between the penultimate and the last ice age? Comprehending concurrency

4. Did Homo heidelbergensis exist at the same time as Homo sapiens? Comprehending concurrency

5. Did Homo habilis exist before the appearance of Homo erectus? Comprehending relative order

6. Did Homo erectus exist before the appearance of Australopithecus? Comprehending relative order

7. How long did the group of Sahelanthropus, Orrorin and Ardipithecus exist? Estimation of duration

8. How long was the penultimate ice age? Estimation of duration

9. Compare the time Homo neanderthalensis existed with the time Homo habilis existed Comparisons of durations

10. How long did the group of genus Sahelanthropus, Orrorin and Ardipithecus exist compared to Homo sapiens? Comparisons of durations
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of the participants could answer this item correctly while 
using the animation with a single timeline and a constant 
time rate (animation A), and 9% when the time rate was 
reduced (animation B). Groups using animations with 
three timelines of increasing scales (groups C and D) 
seem to succeeded better, 52% correct answers, and 54% 
respectively.

Students’ ability to comprehend the relative order 
of events
Two items addressed the ability to comprehend the rela-
tive order of two events. The first item asked “Did Homo 
habilis exist before the appearance of Homo erectus?” 
(item 5) and the second asked “Did Homo erectus exist 
before the appearance of Australopithecus?” (item 6). A 
high percentage in all groups (85–100%) answered these 
items correctly. Apparently these items were not difficult 
for the students, independent of whether the times to be 
located were situated early or late in the time frame and 
independent of which animation was used.

Students’ ability to comprehend concurrent events
In item 3 concerning concurrent events, the participants 
were asked to state the number of different species of 
Hominins that existed between the penultimate and the 
last ice ages which occurs very late in the animation. The 
groups using the different animations A, B and D per-
formed relatively well and delivered between 68 and 85% 
answers.

Item 4 asked “Did Homo heidelbergensis exist at the 
same time as Homo sapiens?” This item concerns peri-
ods relatively near the end of the animation, where time-
line 1 is supplemented with two additional timelines in 
animations C and D (Fig. 3). This item was related with 
62–71% of correct answers in group A, B and D. For both 
item 3 and 4, group C performed the worst (50% and 48% 
respectively).

Students’ ability to comprehend durations of time intervals
Item 7 concerned an interval during the first part of the 
animation: “How long did the group with Sahelanthro-
pus, Orrorin and Ardipithecus exist?” Regardless of which 
animation that was used, it should be equally difficult 
to answer this item correctly since all of the animations 
started in a similar way, with one timeline, few events and 
a similar rate of time. For some reason animations A and 
D appear to help the students to produce better answers 
(86% and 82%) than animation B and C (57–58%).

Item 8 was related to an interval occurring during the 
last part of the animation: “How long was the penulti-
mate ice age?”. This item appeared to challenging for all 
students to solve. None of the students using animations 
A and B could answer this item correctly. Students using 
animations C and D (which featured three timelines dur-
ing the last part of the animations) performed better but 
still only with 24% and 36% correct answers respectively.

Students’ ability to compare durations of time intervals
In item 9, the respondents were asked to “Compare the 
time Homo neanderthalensis existed with the time Homo 
habilis existed”. The existence of these species covered 
different parts of the animation where the rate of time 
changed in animations B and D, making the comparison 
harder for participants using these animations. Infor-
mation concerning the length of time H. habilis and H. 
neanderthalensis existed could only be acquired from 
timeline 1 in animations A and B, whereas the addi-
tional timelines in animations C and D also provided the 
same information on scales with higher resolution. The 
percentages of correct answers for animations A and B 
(featuring a single timeline, see Fig. 2) are 36% and 38%, 
respectively. The students using animation C performed 
best with 52% correct answers and students using anima-
tion D performed worst, with 28% correct answers.

In item 10, the respondents were asked “How long 
did the group of genus Sahelanthropus, Orrorin and 

Table 5 Results from item 1–10

The values are expressed as average percentage correct answers per group and item. Items marked with a are considered to be more challenging to discern in each 
category pair

Item Finding events 
at specific times

Comprehending 
concurrent events

Comprehending 
relative order

Estimating 
a duration

Comparing 
durations

1 2a 3a 4 5a 6 7 8a 9a 10

Animation A with 1 timeline and slider 
pace moving at a constant speed

% of total 73 0 68 64 91 100 86 0 36 43

Animation B with 1 timeline and slider 
pace moving at a 3 different speeds

% of total 75 9 85 71 85 96 58 0 38 53

Animation C with 3 timelines and slider 
pace moving at a constant speed

% of total 81 52 50 48 90 90 57 24 52 57

Animation D with 3 timelines and slider 
pace moving at 3 different speeds

% of total 79 54 84 62 92 96 82 36 28 74
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Ardipithecus exist compared to Homo sapiens?”. The 
group that viewed animation A performed worst and 
delivered 43% correct answers, whereas groups B and C 
produced similar results, namely 53% and 57%, respec-
tively. The best results were obtained from group D, 
which had 74% correct answers.

Discussion
Results from research on how well animations aid users’ 
understanding of dynamic phenomena in general are 
ambiguous. Some indicate positive effects (Kaiser et  al. 
1992) and some negative (Schnotz et  al. 1999; Tversky 
et  al. 2002). However, studies of how diverse designs 
of time in animations help students to grasp different 
aspects of time (including deep-time) in evolution are 
scarce. In this descriptive and exploratory study we have 
investigated how various representations of time in an 
animation affect students’ experiences of different tem-
poral aspects in an evolutionary scenario depicting homi-
nin evolution. However, our results are to be taken as 
tentative, since they are not based on experimental data, 
and need to be validated experimentally.

We have chosen to represent time in the form of ani-
mated timelines. However, there are choices to be made 
concerning the design of such animated temporal repre-
sentations. When representing evolutionary time, a time-
line with linear scale has limitations. Even the relatively 
short evolutionary time of hominins (about 7 million 
years) is difficult to represent in this manner (Dunsworth 
2011). Of course, this difficulty is even more pronounced 
when the entire evolutionary history of about 3.5 billion 
years is considered.

We discuss the results commencing with the cases 
where the design of time appeared to have had the least 
impact on students’ comprehension of evolutionary deep 
time, and closes with the instances where the design was 
observed to have a large effect.

The comprehension of relative order of events
The results indicate that there is no clear difference in 
comprehending the relative order of events between the 
different animations. The findings of this study support 
previous research on how temporal succession in deep 
time is experienced (e.g. Catley and Novick 2009; Libar-
kin et al. 2007; Trend 1998, 2000, 2001). Addressing sim-
ple sequencing was relatively easy for the participants, 
independent of which of the animations they used. This 
agrees with the observation that the learner does not 
necessarily have to use information from the timeline 
since the relative order of species can be learnt from the 
animated map directly.

The ability to comprehend concurrent events
It was also possible to comprehend concurrent events by 
watching the animated map without using the timeline. 
Several quickly occurring events during the last part of 
the animation made it harder to comprehend concur-
rent events for the groups using visualizations with a 
constant rate of time. The group working with anima-
tion C, which had three timelines and a constant rate of 
time, performed worst in both items whereas the groups 
working with animations featuring a slower pace at the 
end (animations B and D) performed the best. The most 
probable reason for this result is that several simultane-
ously and fast-occurring events cause a higher cognitive 
load (Kalyuga 2007). Furthermore, the animated timeline 
itself might also generate too much user attention. Thus, 
distracting viewers from relevant information displayed 
on the animated map (Peterson 1999).

The ability to find events at specific times and to estimate 
the duration of a time interval
Concerning the identification of events at specific times 
(items 1 and 2) and estimation of time duration (items 7 
and 8), no obvious difference could be observed between 
groups using any of the four animations in the items 
related to the first part of the timeline (items 1 and 7). 
The reason is most probably that the rates of time in this 
part were relatively similar and the period contained 
fewer events. However, the two visualizations featuring 
only one timeline (animations A and B) generated poorer 
results for finding times and estimating durations during 
the third part, at the end of the animation (items 2 and 
8). The spatial scale was a decisive factor in these items 
and restricted the ability to correctly determine time. 
In fact, it was very difficult for the students to read the 
times involving the last 230,000 years on the scale used 
in animations A and B. The relatively low number of 
completely correct answers also for animations C and D 
might be a consequence of a high cognitive load due to 
the emerging timelines and the eventful time frame (Paas 
et al. 2003).

The ability to compare different temporal durations
The ability to make comparisons between two durations 
(items 9 and 10) is the most complex factor investigated 
in this work. This task places great cognitive demands on 
the participant. First, it requires the students to be able 
to identify two intervals using both the information pre-
sented in the animated maps as well as the information 
expressed in the timeline. Second, students have to calcu-
late the ratio of the intervals. Thus, two different abilities 
are required to solve items of this kind. The second abil-
ity is independent of the first, but both abilities are based 
on mathematical skills. However, since no difference in 
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mathematical skills was measured between the partici-
pating groups in a test before the experiment, other fac-
tors seem to be dominant, primarily the fact of which 
animation was used.

Some of the features of the time representation in ani-
mation D, which possibly provide advantages in other 
aspects, might increase the cognitive load due to the 
built-in shifts in spatial and temporal scales, i.e. several 
timelines and varying rates of time. For example, in item 
10, the required time intervals were located at opposite 
ends—in the first and third part of the animation, none of 
the intervals transgressed shifts in scales along the time-
line. This might explain why the group using animation 
D succeeded best in answering item 10 but worst in item 
9, in which changes in temporal and spatial scale compli-
cated the comparison of durations.

Representation of time
When we consider the results with in respect to the pres-
ence of one or several timelines and whether the rate 
of time was constant or decreasing in the animation, it 
is possible to draw some tentative conclusions. The two 
animations featuring a single timeline (animations A and 
B, see Fig. 2) produced similar results. The shared char-
acteristic of having only one timeline seems to be a more 
decisive factor rather than the difference in how the rate 
of time was expressed. The most salient results concern 
finding events at a specific times (item 2) and estimating 
the duration of a time interval (item 8) during the last 
part of the animation. Animations A and B gave rise to 
poorer results compared to the other animations. The 
reason for this is likely due to the small spatial scale dur-
ing the event-filled final part of the animation, which 
made it harder to access detailed information from the 
timeline. In items involving comparisons of time inter-
vals (items 9 and 10), the difference in results between 
the animations was less pronounced.

The animations featuring additional timelines as the 
animation progressed to the second and third part 
(i.e. animations C and D, see Fig.  3) offered the users 
increased spatial scales during the successively more 
event-filled periods at the end. Both these animations 
yielded better results than those with a single timeline 
for the items where events during the third and last part 
were involved—with one notable exception (item 9). 
Since animation C represented a constant rate of time, 
several rapid transient events occurred at the end, during 
the third part. Despite this, the group using this anima-
tion performed well in all of the items related to items 2, 
8, 9 and 10. Overall, the animation that produced the best 
results was animation D, with the exception of item 9 in 
which two intervals crossing scale shifts were compared. 

In this case, the shift in scales might have introduced an 
additional cognitive load in addition to the perceived 
inconsistent temporal information in the two different 
dynamic components (i.e. the map and the timelines). 
The change of time rate is only apparent in the tempo-
ral legend and not explicitly shown on the animated map. 
Lee et  al. (2011) caution the use of visualizations that 
alter the speed of changes. This study partly supports 
this claim but only when comparisons of durations which 
cross scale shifts are involved.

Limitations of the study
We want to stress that our results are tentative since they 
come from a descriptive and explorative study. Many of 
the results are similar to corresponding results in neigh-
boring domains, which strengthen their validity. Other 
results have to be validated experimentally. However, 
even though this is a descriptive and exploratory study, 
might have benefitted from a larger sample of partici-
pants and a more balanced gender distribution.

Variations concerning which groups were involved 
in the different rounds could possibly contribute to dif-
ferences in the results. In a potential next experimental 
setting of the study we need to address these shortcom-
ings. Further, we could have used more test items to 
ensure reliability. However, it took about an hour for the 
students to answer the 10 items, and a longer form had 
probably jeopardize the quality of the answers due to 
exhaustion among the participants.

Implications for education and outreach
From the discussion above, it follows that there are sev-
eral factors that need to be considered when using anima-
tions to communicate evolutionary scenarios involving 
deep time. A tradeoff has to be found between factors 
that might seem contradictory. For example, manipula-
tion of the time rate can impair the ability to compare 
durations for example if the duration coincides with 
changes in time rate. The need to represent time in a sim-
ple and comprehensible way at the same time as handling 
problems with a very uneven distribution of events which 
might both cause cognitive overload and impair the nar-
rative structure (Lee et al. 2011; Vít and Bláha 2012).

Since different ways to represent time have corre-
sponding advantages and disadvantages, a way to circum-
vent potential conflicts between various factors would be 
to design a representation that offers different degrees of 
interactivity. In other words, with the potential to inter-
act directly with the timeline to enlarge selected parts 
of it spatially and to control the animation speed easily 
(Kalyuga 2007; Moreno and Mayer 2007). Such interac-
tivity could give the user control and a tactile, as well as 
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visual, connection to the temporal information, making 
the experience more embodied (Horn et al. 2016; Lakoff 
and Johnson 1999; Peterson 1999). Future research is 
needed to investigate this broader and, in more detail. 
How should representation of macroevolutionary sce-
narios be designed to enhance the comprehension of 
time differences involving billions of years and temporal 
scale shifts? Our results suggest that teachers should be 
aware of the deficits in visualizations of time/temporal 
aspects of evolution. But most of all, the present results 
might inform guidelines for future improvements of edu-
cational visualizations of time in evolution

Conclusions
Through an analysis of four representations of time 
in a visualization of hominin evolution, we argue that 
informed and conscious choices of animations with 
appropriate depictions of time can facilitate the teach-
ing and learning of subject matter regarding evolution-
ary scenarios involving deep time. In contrast to earlier 
research (Midtbø et  al. 2007), this study indicates that 
different representations affect learners’ abilities to per-
ceive and comprehend at least some temporal aspects. 
In line with results from geographic information systems 
studies, time units of consistent length were proven to 
be most helpful (Vít and Bláha 2012) in giving students a 
sense of the relative time spans of evolution, which is one 
of the most difficult aspects to master in understanding 
evolution. However, the intensity of events progressively 
increasing at the end of the animation poses another 
challenge when time units of consistent length are used. 
If specific times are of importance, it is crucial to be able 
to read the time, and the time scale should be adapted to 
that demand. Consequently, different ways of presenting 

the sequence of events is dependent on the specific edu-
cational purpose.
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Table 6 The questionnaire distributed before  the  study, to  investigate the  participants educational background, 
interests, arithmetic skills, ability to interpret graphical representations of timelines and to compare the size of graphical 
objects

No Question Rational

1 What age are you? Background information

2 What gender are you? Background information

3 Which program did you attend during upper secondary 

school?

Educational background

4 Which is the most advanced course in mathematics

you've attended?

Educational background

5 Which is the most advanced course in science you've 

attended at upper secondary school?

Educational background

6 Which courses in Biology at upper secondary school 

have you studied?

Educational background

7 How often do you watch popular science e.g. on TV? Interest in science

8 How often do you visit science centers/museums with 

scientific content?

Interest in science

9 Our species is called Homo sapiens. Which other 

species in our genus (Homo) do you know of?*

* Correct answer include H.neanderthalensis, 

Existing knowledge

H.heidelbergiensis, H.erectus, H.ergaster, H.habilis

10 How long has our species (Homo sapiens) existed?*

* Correct answer is 200.000 – 100.000 years

Existing knowledge
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Abstract
Central to evolution is the concept of a common ancestry from which all life has emerged over immense time scales, but 
learning and teaching temporal aspects of evolution remain challenging. This study investigated students’ interpretation 
of evolutionary time when engaging with a multi-touch tabletop application called DeepTree, a dynamic visualization of 
a phylogenetic tree. Specifically, we explored how interactive finger-based zooming (zooming “in” and “out”) influenced 
students’ interpretation of evolutionary time, and how temporal information and relationships were conceptualized during 
interaction. Transcript analysis of videotaped interview data from ten secondary school students while they interacted with 
DeepTree revealed that zooming was interpreted in two ways: as spatially orientated (movement within the tree itself), or as 
time-orientated (movement in time). Identified misinterpretations included perceiving an implicit coherent timeline along the 
y-axis of the tree, that the zooming time duration in the virtual tree was linearly correlated to real time, and that more branch 
nodes correspond to a longer time. Sources for erroneous interpretations may lie in transferring everyday sensory experiences 
(e.g., physical movements and observing tree growth) to understanding abstract evolution concepts. Apart from estimating 
the occurrence of dinosaurs, DeepTree was associated with an improvement in interpretation of relative order of evolution-
ary events. Although highly promising, zooming interaction in DeepTree does not facilitate an intuitive understanding of 
evolutionary time. However, the opportunity to combine visual and bodily action in emerging technologies such as Deep 
Tree suggests a high pedagogical potential of further development of zooming features for optimal scientific understanding.

Keywords DeepTree · Evolutionary time scales · Interactive visualization · Conceptual understanding · Zooming · 
Interactive touch table

Introduction

A central tenet of evolution is the notion of a common 
ancestry from which biological diversity has emerged 
over immense time scales often depicted as a tree. Darwin 
realized the necessity of deep time for evolution and 

emphasized that anyone who could not “admit how vast have 
been the past periods of time, may at once close this volume” 
(Darwin 1859, p. 282). Interpreting the temporal scales 
involved is a fundamental reason why evolution education 
remains challenging (Smith 2010). Concepts associated 
with evolutionary time scales and the visual representations 
used to convey them are abstract and difficult to comprehend 
yet pivotal for understanding evolution (Catley and Novick 
2009). Tree metaphors for relatedness are often constructed 
and used by experts but prove troublesome for novices 
(e.g., Gregory 2008; Meir et al. 2007). Thus, it is important 
to complement students’ conceptual knowledge with an 
appreciation of how different representations relate to 
different evolutionary phenomena (Matuk and Uttal 2018).

Emerging digital technologies provide new opportunities 
to interact with tree representations through touch-based 
gestural actions (Hornecker et al. 2008; Block et al. 2012b). 
In contrast with textbook images, immersive interfaces offer 
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dynamic avenues to perceive tree metaphors in terms of evo-
lutionary time scales through interactive features such as 
zooming, enabling users to move in both space and time. 
Such features can potentially enhance students’ interpreta-
tion of relatedness and temporal aspects of evolution. The 
latter serves as the focus of the present study, where we 
investigate how the zooming features of DeepTree—an 
interactive touch table visualization of the “Tree of Life” 
(Block et al. 2012a)—influences students’ understanding of 
evolutionary time.

Theoretical Background

Interpreting Time and Temporal Representations 
for Conceptualizing Evolution

Several studies have explored obstacles in students’ 
interpretation of time in the geosciences and biosciences 
(e.g., Jaimes et al. 2020). Challenges include the ability 
to find events at specific times (Hidalgo et al. 2004), 
comprehend relative order of events (Trend 1998, 2000, 
2001; Libarkin et al. 2007; Catley and Novick 2009), 
estimate the duration of a time interval (Dodick and 
Orion 2003; Cheek 2013a), compare different temporal 
durations (Hidalgo et  al. 2004; Cheek 2013b), and 
comprehend the concurrency of events (Mayer and 
Moreno 2003).

Since time is often conceptualized metaphorically in 
terms of space (Boroditsky 2000), interpreting size and 
scale is important for comprehending temporal aspects 
of evolution. When comparing novice and advanced 
tertiary students’ evolution knowledge, Athanasiou and 
Mavrikaki (2014) found that grasping deep time is a 
more advanced assignment than understanding individual 
variation and inheritance. Swarat et al. (2011) identified 
four ways that students conceive scale: as fragmented, 
linear, proportional and logarithmic. The most difficult to 
grasp was the logarithmic scale and the ability to connect 
timeframes. Delgado and Lucero (2015) investigated 
students’ ability to generate spatial and temporal scales 
covering several orders of magnitude. They found that 
students  spaced all timeline events to present all the 
temporal information, even at the cost of accuracy. This 
supports other research revealing a tendency for children 
to use inconsistent scales to enhance the narrative of a 
timeline by omitting “absent” data (e.g., unknown values) 
from the representation (Nemirovsky and Tierney 2001). 
Furthermore, Lee et  al. (2011) showed that students 
tend to underestimate long durations (e.g., mountain 
formation) and overestimate short durations (e.g., an eye 
blink) in temporal scales.

Visual representations can benefit the learning and 
teaching of temporal scales provided they are well 
designed and align with intended learning outcomes 
(Phillips et al. 2010). One popular strategy is to employ 
multiple visual representations (Ainsworth 2006) such as 
combining geological time spirals with deep time clocks. 
Another strategy is to use multimodal representations 
(Moreno and Mayer 2007), by combining evolutionary 
diagrams with narrated explanations of temporal aspects. 
An integrated framework developed by Tang et al. (2014) 
that combines multiple and multimodal representations 
emphasizes students’ active engagement in constructing 
and “re-representing” abstract concepts to develop scientific 
understanding. Research comparing paper-based with virtual 
timelines (Foreman 2008; Korallo et al. 2012) shows that 
virtual timelines are advantageous when the user has an 
opportunity to control the presented information.

Affordances and Constraints of Digital Tools 
for Portraying Time

In a recent study on the affordances and limitations of digital 
tools for communicating time,  Stenlund and Tibell (2019) 
showed that an animated timeline which purposefully slowed 
down when approaching present time proved superior over 
other timelines for comprehending human evolution. However, 
the same study showed that altering animated time may 
impede the comparison of time durations. This is in line with 
Lee et al. (2011) who have cautioned against adjusting the pace 
of temporal information in dynamic visualizations. Therefore, 
hands-on interactive technologies that allow users to control 
presented information provide novel opportunities for learning 
(Johnson-Glenberg et al. 2014). Touch-based interfaces also 
offer possibilities for an increased sense of immersion with 
scientific content through finger-based zooming features 
(Bederson 2011). Zooming provides users with an opportunity 
to navigate and “travel” in time and/or space. However, little 
research has explored the constraints of interactive digital tools 
for learning and teaching temporal scales, and there is a need 
for more investigation on how temporal scales are perceived 
when accompanied by technological affordances such as 
zooming (Bederson 2011; Lee et al. 2014).

Tree Representations for Conceptualizing 
Evolutionary Time

A common diagram for representing evolutionary relationships 
is the phylogenetic tree. The “Tree of Life” wields significant 
metaphorical power for understanding evolution (O’Malley 
and Koonin 2011): the visual perception of a branching tree 
is mapped onto conceptualizing speciation and relatedness. 
Since metaphors illuminate certain aspects of a phenomenon 
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while suppressing others, interpreting phylogenetic trees 
requires understanding both the visual features and  the 
intended mappings (Baum et al. 2005; Marcelos and Nagem 
2010). Herein, phylogenetic trees that incorporate temporal 
information combine at least two abstract entities: the concept 
of evolutionary time and the tree metaphor for relatedness. 
The notion of the most recent common ancestor is crucial for 
interpreting phylogenetic trees—two species or taxa are more 
closely related if they have a more recent common ancestor 
(Baum et al. 2005). Temporal information is only implied in 
many phylogenetic trees, which can induce misinterpretations 
about evolutionary time.

Interactive Features of DeepTree and Previous 
Studies

From 2011 to 2012, an interactive touch table application 
called DeepTree1 was developed and evaluated at the 
Harvard Museum of Natural History as a part of the “Life 
on Earth” project (Block et al. 2012a). One central feature 
of DeepTree is zooming—enabling finger-based gestures to 
“zoom in and out”—in exploring, navigating, and controlling 
visualized content (Börner et al. 2005). Previous studies 
investigated how DeepTree enables collaborative exploration 
(e.g., Davis et  al. 2015) and showed that interaction is 
associated with an improved interpretation of common 
descent, and an increased engagement with evolutionary 
content (Horn et al. 2016).

To date, research on DeepTree has made several inroads 
into the role of collaborative learning about evolution in 
public settings but not so much about individual learning 
about evolutionary time.

Aim

This study investigates how an interactive touch table visu-
alization of the “Tree of Life” (Block et al. 2012a) influences 
students’ interpretation of evolutionary time associated with 
this particular phylogenetic representation. The following 
research questions were posed:

• How do students perceive and conceptualize zooming in 
DeepTree?

• How do students interpret temporal information and 
temporal relationships in DeepTree?

• Are there any student misinterpretations concerning the 
temporal aspects communicated by DeepTree? If so, can 
they be identified?

Methods

DeepTree: an Interactive Digital Tabletop 
Visualization of the Tree of Life

DeepTree visualizes phylogenetic relationships between 
living and extinct organisms through an interactive multi-
touch interface (Block et al. 2012a). Approximately 70,000 
species are embedded, with 8000 species presented with 
accompanying images (Horn et al. 2016). Time is expressed 
explicitly at 200 internal nodes that are numerically labeled 
with corresponding evolutionary events (Block et al. 2012a). 
Time is not mapped onto any clear axis, which means that 
different branches appearing at the same vertical tree level 
do not necessarily infer a simultaneous occurrence.

The main visual components of DeepTree comprise the 
main tree, a scrolling “image wheel” containing 200 species 
and an “action” button (Block et al. 2012a). Tapping the 
action button unveils options for relating different species 
pairs that include discerning the pair’s most recent common 
ancestor and navigating to other species.

This study specifically investigates individuals’ use of 
the “zoom” feature, where users can move virtually from 
the origin of life to present day species. This zooming 
feature represents a unique interactive visual experience 
in comparison with static images. Zooming is achieved by 
moving one’s finger downward while in contact with the 
table surface. This causes the tree to move downward while 
more details in the tree canopy become visible, which 
provides a “zooming in” effect (see 1 in Fig. 1). Moving 
one’s finger upward on the table causes the tree to move 
upward, which reveals new nodes below, while details at 
the top fade away, thus providing a “zooming out” effect 
(see 2 in Fig. 1). It is also possible to pan horizontally by 
dragging one’s finger left or right (see 3 in Fig. 1) (Block 
et al. 2012a).

The first (and most accurate) way to infer temporal 
information from DeepTree is to perceive the time numerals 
at the nodes (e.g., a in Fig. 1). A second way is to interpret 
an implied temporal y-axis from the tree root to the tree tips 
(b in Fig. 1). A third way is to perceive the “zooming time” 
in proportion to real time. This zooming direction could be 
viewed as being directed inward and upward along such an 
axis (c in Fig. 1).

Interview Protocol Development

Interview questions were designed to target how the zoom 
feature is experienced, and its influence on students’ 
interpretation of temporal information and time relationships. 
A pilot study with 21 volunteers was performed before the 1 See https ://www.youtu be.com/watch ?v=dpo9i K26el 8. DeepTree 

development is detailed in Block et al. (2012a, 2012b)
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main study to explore individuals’ initial encounters with 
DeepTree2 and their use of the zooming feature to help 
inform the semi-structured interview protocol (see Table 4).

Interview questions were also inspired by five time-
related facets described in  Stenlund and Tibell (2019) 
and by kinship questions reported in Catley et al. (2013). 
Questions targeting potential misinterpretations were 
informed by Gregory (2008) and Meir et al. (2007), while 
questions related to zooming were stimulated by Bederson 
(2011). Organism choice in the protocol was based on 
students’ expected species knowledge in combination with 
how easy they were to locate in DeepTree.

Participants and Data Collection

Ten upper secondary school students (8 females and 2 
males) aged 16–18 years (mean 17.3 years) in Sweden  
voluntarily participated in the study. All students previously 
studied the national elementary school curriculum and were 
all enrolled in the same school in the same national social 
science program.

At the commencement of each interview, the participant 
was informed about the study and the right to withdraw. 
Next, and prior to exposure to DeepTree, the participant 
completed a pre-questionnaire on age and gender. The pre-
questionnaire also included a task requiring marking six 
evolutionary events on a timeline (hereafter termed the “time 
line task”). A similar task was also administered during the 
interview. The aim of these tasks was to compare students’ 
perceptions of the occurrence of evolutionary events prior 
to and during interaction with DeepTree.

Following the pre-questionnaire, students had an 
opportunity to gain familiarity with the navigational 
features of DeepTree. Then, a 35–45-min semi-structured 
interview (Table 4) was conducted while each participant 
interacted with DeepTree. The interview probes focused 
on use and interpretation of the zooming feature and time, 
and also explored any reasoning that emerged unexpectedly 
(e.g.,  Schönborn and Anderson 2009). Sessions were video 
recorded with a camera mounted above the tabletop that 
captured audio, gestural interaction, and the tabletop screen.

Probing Students’ Engagement of the Zooming 
Feature and Probing Aspects of Time

While each student explored how to navigate DeepTree, they 
were asked in what direction the zooming was experienced. Each 

Fig. 1  Navigation and perception of the phylogenetic tree in Deep-
Tree. The yellow numerals indicate how one-finger touch gestures 
can be used to navigate the tree. The yellow letters and corresponding 

blue arrows represent different temporal cues (Permission to repro-
duce an  image  from the DeepTree interface obtained from C. Shen 
and F. Block)

2 Pilot participants and participants in this study found DeepTree 
engaging and compelling, findings that are the subject of a separate 
report
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participant was also asked questions that included, “When is 
‘now’? and “How do you know?”. Interpretation of the zooming 
feature was also explored through questions that probed species 
comparisons. Each participant was probed about five aspects of 
time ( Stenlund and Tibell 2019), namely, the ability to (I) find 
events at specific times, (II) comprehend relative order of events, 
(III) estimate the duration of a time interval, IV) compare different 
temporal durations, and (V) comprehend the concurrency of 
events (see Table 4 for interview question and task content).

Data Analysis

Video-recorded speech was transcribed verbatim and 
complemented with information about the nature and occurrence 
of interactions with the interface (e.g., zooming), and/or other 
gestures (e.g., pointing at the interface). A combined inductive 
and deductive approach (e.g., see Bos and Tarnai 1999; 
Fereday and Muir-Cochrane 2006; Höst and Anward 2017) was 
employed to analyze the ten transcripts.

Inductive Analysis of the Transcripts

Inductive analysis pursued the natural discovery of themes 
of reasoning and interpretation. Emergence of a theme could 

be expressed in one or multiple utterances (Amundsen et al. 
2008), while multiple themes could also relate to a single 
utterance. Each author initially perused the same six randomly 
selected transcripts, followed by collectively discussing any 
emerging themes related to evolutionary time. The remaining 
four transcripts were then analyzed by two of the authors. 
Students’ utterances concerning zooming emerged as 
referring to movement within the tree itself, i.e., along the 
spatial space of the stem and branch structures that would 
map onto the idea of relatedness (labeled “S”) and/or referring 
to movement in time, i.e., in a virtual temporal space that 
would map onto the history of evolution (labeled “T”). After 
the S and T themes emerged, two of the authors compared 
their respective appraisal of the utterances as representative of 

Table 1  Suspected misinterpretations identified by the deductive 
component of the analytical process

Misinterpretation From visual content 
analysis

From 
pilot 
study

i. Y-axis perceived as coherent X
ii. Zooming time perceived as lin-

early related to real time
X X

Fig. 2  Responses from all ten (1–10) students on the time line task before the interview a and from the task during the interview b. Correct 
answers are provided for readers’ comparison
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the S and T themes. In 3 of 70 utterances the authors initially 
disagreed, but reached agreement after discussion.

Deductive Analysis of the Transcripts

Deductive analysis (e.g., Mayring 2000) was based on 
hypothesized misinterpretations and reasoning difficulties 
deduced from a visual content analysis (e.g., Bell 2001) of the 
visual and interactive features of DeepTree, the pilot studies, 
and from the literature (Gregory 2008). Suspected conceptual 
difficulties (Tables 1 and 4) comprised misinterpreting (i) the 
Y-axis as coherent and (ii) zooming time as linearly related to 
real time. Two authors performed the analysis in parallel, which 
resulted in a full agreement on prevalence of the suspected 
misinterpretations.

Results

Students’ Responses to the Time Line Tasks

Paper-based “time line tasks” asked students to indicate 
respective times when specific organisms emerged (from 
the origin of earth to present). Before the interview, the par-
ticipants (numbered 1–10) were asked to mark where the 
origin of life and the emergence of each of the respective taxa 
dinosaurs, potatoes, and humans were located on the time 
line (Fig. 2a). Then, while engaging with DeepTree, a further 
time-line task (Fig. 2b) asked students to depict how long ago 
the most recent common ancestor of H. sapiens and E. coli, 
bananas, yeast, and dinosaurs (T. rex) lived, respectively.

Prior to the interview five students correctly indicated 
the order of evolutionary events (Fig.  2a). However, 
answer accuracy varied greatly. For example, for  
potatoes and humans, both the order and indicated times 
deviated considerably from correct times.

Responses to the task administered during the 
interview were more accurate (Fig.  2b). Albeit so, a 
notable result was that only three students altered their 

perception of the occurrence of the most recent common 
ancestor of dinosaurs and humans compared with actual 
evolutionary time, while six remained inaccurate. 
Overall, six of ten students accurately marked the time of 
the most recent common ancestor of Humans and E. coli 
and seven provided an approximately correct time point 
for the most common ancestor of yeast and Humans.

Misinterpretations About Evolutionary Time 
Associated with Interacting with DeepTree

As presented in Table  2 below, deductive analysis 
revealed two suspected misinterpretations (1 and 2). 
Inductive analysis yielded two unanticipated misinter-
pretations (3 and 4) across the ten participants.

Y‑Axis Perceived as Coherent

To investigate the conflicting temporal information provided 
in the numerical labels and/or the implicit y-axis, we posed 
the interview question, “Where is one billion years ago 
located in the tree?” when the entire tree was displayed. 
Since the different lineages had different time scales along 
the implicit y-axis (apparent from the numerals), two 
vertical branching events occurring at the same horizontal 
height of the tree could correspond to very different absolute 
times. Four students did not observe the difference in the 
various lineages and misinterpreted the representations of 
time as coherent and horizontally equivalent regardless of 
which lineages were compared, as shown by student 4:

T: Can you point out where one billion years ago is 
in the tree?
S4: Approximately here [student points to numeral 
“1,4 billion years ago”] (…) No, I think it is 
approximately here, you can imagine, along this line 
[the student gestures a horizontal straight line].

In contrast, three students observed the contradicting 
information from the labels and the implicit y-axis (Table 2).

Table 2  Description and prevalence of identified suspected and unanticipated misinterpretations of evolutionary time

Misinterpretation From deduc-
tive analysis

From induc-
tive analysis

Students showing 
misinterpretation

Students with scientifically 
acceptable explanations

Students with 
unclassified inter-
pretations

1. Y-axis perceived as coherent X 4 3 3
2. Zooming time perceived as linearly 

related to real time
X 10 0 0

3. Branch tips of all represented species 
perceived as present time

X 4 6 -

4. More nodes perceived as longer time X 5 0 -

130



Journal of Science Education and Technology (2021) 30:125–138

1 3

Zooming Time Perceived as Linearly Related to Real Time

In another question probing estimation of the time 
interval, we asked students to compare two identical time 
intervals which required very different zooming times. For 
example, the time interval between the origin of life and 
two contemporary organisms, namely, Homo sapiens and 
Methanopyrus kandleri, a hyperthermophile archaea. No 
students could discern that the time between the origin 
of life and contemporary existence of H. sapiens and M. 
kandleri was identical (Table 2), for example:

S1: I perceived it as … when man was created, it took 
a much longer time because you could see that it took 
less time to reach the end there [to M. kandleri] than 
it took there [to H. sapiens], because there you had to 
hold down [your finger] much longer.

As was typical when expressing this difficulty, S1 
interpreted the relatively short zooming time from the origin 
of life to M. kandleri as equivalent to a relatively short time 
in evolutionary history.

Branch Tips of All Represented Species Perceived as Present 
Time

All students orientated their temporal perceptions in terms 
of the tree root representing the most ancient time and the 
canopy the closest to present time (Table 2), as shown by 
student 7:

S7: it starts here [pointing at the root of the tree] and 
that would be furthest away [in time] I think, and then, 
it approaches present time the higher up you reach.

Furthermore, when asked to indicate where present 
time is depicted on the tree, more than half (n = 6) used 
H. sapiens as a signpost. Four of the students expressed 
that present time is equivalent to the uppermost part 
of the tree. For example, S1 stated, “It seems like it 
may develop later or so, because it just ends, or it’s not 
going to develop anymore.” Here, the branch tips were 
interpreted as present time and as species endpoints 
(which are not mutually exclusive).

More Nodes Perceived as Longer Time

Interpretations of how the branching pattern influenced 
students’ perception of time were also probed. In five cases, an 
unanticipated misinterpretation emerged when students equated 
more branches with a longer time span (Table 2). For example, 
consider this reasoning generated from student 5:

S5: It took less time to come to it [M. kandleri] than it 
did to man. It took quite a long time, there were very 
many preceding branches.

A factor influencing students’ misinterpretation appears to be 
the number of branches, which differ by as much as twenty times 
as many nodes on the lineage ending with H. sapiens compared 
with M. kandleri. Several students mentioned branch number 
as an attribute that they considered when comparing species.

Students’ Utterances About the Direction 
of Zooming in Time and Space

All students perceived zooming as movement in a virtual 
space. The touch interface in combination with the visual 
appearance reinforced the metaphor of moving along a path 
and being able to control the speed of the movement while 
organism images “pass by” on either side. Students 6 and 3 
provided the following examples portraying this perception, 
respectively:

S6: …depending on how fast I pull… sometimes when 
pulling very fast you won’t be able to … see, but if 
you do it at a slow pace, like this, then you see what is 
what … and how it divides [refers to a visual display 
similar to that shown at timestamp 01:05–01:12 in the 
clip in footnote 1]. And it is nice that you can change 
the pace too.
S3: they are pulled apart [refers to a visual display similar 
to that shown at timestamp 01:34–01:37 in the clip in 
footnote 1]… you can, kind of, see the roads leading to 
them [the target species].

Overall, movements were perceived as being orientated 
toward motion in a spatial space (i.e., within the tree metaphor 
along the branches) or as motion in a temporal space (i.e., as 
“time travel”). As summarized in Table 3, among the utterances 

Table 3  Two ways of perceiving direction of movements when zooming in time and space showing respective prevalence and examples of repre-
sentative utterances

Utterances Forward/back-
ward percep-
tions

Examples of corresponding utterance Upward/down-
ward percep-
tions

Examples of corresponding utterance

About time 13 S6: It is more forward in time that humans emerge 0 -
About space 4 S6: We went back from the other branch and then 

switched branches
5 S5: We follow the same branch all 

the way until we split humans and 
animals
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concerning movements in a temporal space, the most frequent 
direction was expressed in terms of forward/backward. In con-
trast, the frequency of upward/downward direction perceptions 
was only associated with referring to movements in space.

Interpretation of Evolutionary Time in DeepTree

Since DeepTree lacks a coherent time axis, it was difficult for 
students to identify specific times. Inaccurate interpretations 
were common but some students’ realized their mistake, for 
example:

S1: it says 1.2 billion years ago. Then you understand 
that … because it is there and that is where they [the 
lineages leading to bananas and humans] met. Then 
you understand that it is not really so close in time.

Apart from interpreting the order within a specific 
lineage, comprehending relative order also proved 
challenging. Estimating relative order was uncovered 
specifically by questions 4, 6, 7 and 8 (see Table 4) and 
the time line task. In addition, estimating the duration 
of time intervals was likely to be misinterpreted, since 
zooming time was erroneously equated by the students 
as corresponding to an equivalent time interval (question 
2). The probe requiring students to compare different 
temporal durations yielded no correct responses 
(question 2). Finally, when interacting with DeepTree, 
students faced difficulties in comprehending the 
concurrency of events probably due to the assumption of 
a coherent time axis from the root to the canopy.

Emergence of Two Different Perceptions of Zooming

As shown in Fig. 3, two overall perceptions of zooming 
emerged from the analysis. In total, a “time oriented (T) 
group” generated 53 utterances and a “spatial oriented (S) 
group” 21 utterances, respectively.

Students in the T-group each made six or more utterances 
about movements in time while the S-group expressed one or 
two time-orientated utterances and made more space related 
utterances. An outlier is student 2 who despite making more 
space-related utterances, still made six utterances about time, 
which meant assigning her to the T-group.

Individual Student Representative Examples From 
the Spatial (S) and Temporal (T) Groups

To illustrate how students verbally described the zooming 
experience in each S- and T-orientated group we compare 
S1 from group T with S7 from group S (Fig.  3). In 
response to the question “what kind of movement would 
you say it is?” (S1), and whilst zooming (S7), students 
described the following:

S1: I’m moving forward in time3 as well (…) It seems 
like you’re going on a spacecraft in space, a bit like in 
the movies.
S7: That you followed.. like.. the path from the DNA 
molecule [origin of life] all the way up to humans.

The first datum above from S1 includes metaphors 
that concern a vehicle (e.g., spacecraft or time capsule) 
that “brings” the student forward and reveals a perceived 
movement in terms of time where the primary direction 
is forward in a forward/backward dimension. In contrast, 
S7 experienced the zooming as movements explicitly 
referring to spatial space from the bottom to the top of 
the tree.

Discussion

This study describes how zooming features of modern 
touch-based technologies influence students’ interpretation 
of evolutionary time. The immersive experiences offered 
by combined visual and bodily interaction with Deep Tree 
and other recent touch table applications (e.g., Schuman 
et al. 2020) yield potential for further development of 
zooming features with knowledge acquisition. Although 
highly promising, in its current form, DeepTree does not 
facilitate an understanding of the represented temporal 
scales. In this regard, conceptual and representational 
competence is required for an accurate understanding 
of abstract science concepts (Matuk and Uttal 2018). 
The ideas of common origin and most recent common 
ancestor are fundamental to conceptualizing evolutionary 
relatedness. Communicating these ideas are challenging 
for many designers of tree of life representations and 
additional features such as zooming require an even more 
enhanced representational knowledge in comparison 
with “static” phylogenetic representations. Hence, a 
challenge to confront with emerging technologies like 
DeepTree is how to engender both an intuitive and realistic 
interpretation of evolutionary time.

Students’ Interpretation of Temporal Information 
in DeepTree

Students’ interpretations of evolutionary time were based 
on several temporal cues including numerical labels, an 
implicit y-axis, actual zooming time, and the number of 
nodes along the “path” to the target species. Our results 
indicate that conf licting differences between these 
sources in conjunction with incoherencies within the 

3 Italic font used for emphasis
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implicit y-axis, and the lack of correspondence between 
zooming time and real time, made it demanding to grasp 
various temporal aspects related to evolution. The ability 
to estimate concurrency of events and order of events 
occurring on different lineages and compare durations 
was inf luenced largely by the incoherent temporal 
information represented by the y-axis and zooming time.

Responses to the interview time line tasks (Fig. 2b) 
indicate that students are able to locate specific 
evolutionary events with relative ease when temporal 
information is explicitly expressed numerically. 
Interestingly, although the time points in the task were 
rather straightforward to identify in the tree (appearing 
as numerals), transferring these to the interview time line 
task remained challenging. One clear example was the 
erroneous responses for dinosaurs (Fig. 2b), a finding 
that might emanate from the counterintuitive proximity 
in time for the most recent common ancestor of humans 
and dinosaurs that is often thought to be located further 
in the distant past (Catley and Novick 2009; Hecht et al. 
2020). Overall, the version of DeepTree investigated 
here may not help students gain an intuitive sense of 
evolutionary time.

Misinterpretations Concerning Temporal Aspects 
in DeepTree

Given that several temporal-related misinterpretations 
in the literature are associated with 2D static tree of 
life representations (Meir et al. 2007; Gregory 2008) it 

is not surprising that DeepTree, which also combines 
additional features such as zooming, also presents new 
potential sources of misinterpretation. For example, our 
observation that students associated more branching 
events (nodes) with longer times supports results from 
Meir et al. (2007) and Gregory (2008), who found that 
more nodes between species were interpreted as more 
distant relationships. The source of this difficulty might 
be that human metaphorical thinking about time often 
occurs in terms of space (Lakoff and Johnson 1999; 
Boroditsky 2000). Thus, although the branching pattern 
is not linearly correlated with time, more nodes indicate a 
longer path, which some students correlated with a longer 
time. Furthermore, since the same “real” time interval 
(e.g., between two existing species and the origin of life) 
can be represented with different zooming times, without 
any information communicating the non-correspondence 
between zooming time and real time, most learners might 
erroneously assume a linear correlation.

A likely source of temporal misinterpretations was 
students’ assumptions that the root-to-canopy direction 
(arrow B, Fig. 1) represented a coherent time axis, which 
erroneously implies that the same “level” in the tree 
represents an equivalent evolutionary age. Since tree 
growth is actually observed to proceed from root to tree-
top in reality, a mapping between age and height would be 
an intuitive deduction (Omland et al. 2008). Unfortunately, 
transferring this assumption to the application may lead 
to other temporal misinterpretations including perceiving 
concurrency of events occurring on different lineages with 
various ages and that branch tips only represent current time.

Fig. 3  Two groupings of zooming as a movement in time (time orientated group) or space (space orientated group) displayed according to the 
number of individual utterances made about time (orange) or space (gray) (Student 4 did not make any utterances about perceived movements.)
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Students’ Perception and Conceptualization 
of Zooming

DeepTree communicates an abstract visual metaphor of the 
same source domain—a tree that maps onto two different, 
yet combined target domains—relatedness and time. The 
fact that these two mappings are also reflected in the results 
suggests that zooming induces certain “dual perceptual” 
experiences (Nemirovsky and Tierney 2001). Herein, 
zooming is sometimes perceived as movement in a temporal 
space and sometimes as movement in a “spatial space,” i.e., 
a “spatial” lineage that traces connections between ancestors 
and descendants. The latter case is usually the main reason 
for engaging a tree of life representation.

Several students perceived zooming as movement along 
a path. Some students’ experienced interacting with the 
DeepTree touch interface  in the same sense as controlling 
a vehicle throttle. The “movement” while zooming “to” 
an organism makes the evolutionary “path” immediately 
tangible, like travelling along a road, where a longer distance 
corresponds to a longer time. In support of this experience, 
most students spoke about the past as “backward” and the 
future as “forward.” While all (but one) students blended 
both “space” (S) and “time” (T) orientations to perceive 
zooming, the T-group delivered more utterances overall, and 
more in terms of time. The T-group’s ability to perform both 
mappings—from relationships to the tree and from time to the 
tree—might be indicative of a more advanced and nuanced 
appreciation of the depicted information. Such results in 
combination with a “resource perspective” (Delgado and 
Lucero 2015) and reinforcing multimodality (e.g., integrating 
audition) could further optimize the zooming feature.

Conclusions and Implications

Conclusions yielded by the study are as follows:

• Even if the primary objective of DeepTree is to 
communicate evolutionary relatedness, the zooming 
feature offers a powerful interactive opportunity for 
communicating evolutionary time. Although highly 
promising, the zooming is not optimized for a full 
understanding of temporal aspects.

• Potential power of the zooming feature lies in the intuitive, 
immersive, and seamless possibility provided to the user 
to control movements in evolutionary time. The findings 
demonstrate that zooming evokes multiple temporal 
experiences (which static representations cannot afford).

• DeepTree introduces both suspected (y-axis perceived 
as linear, zooming time perceived as linearly related to 
real time) and unanticipated (branch tips of represented 
species perceived as present time, more nodes perceived 

as longer time) misinterpretations related to evolutionary 
time.

• The time-orientated group displayed salient temporal 
experiences while zooming, which suggests that the 
zooming feature could be further enhanced to exploit 
such temporal reasoning for communicating of evolu-
tionary time.

The conclusions raise several implications for teaching about 
evolutionary time with tree representations, and for the use and 
design of educational technologies such as DeepTree. Firstly, 
while employing visual metaphors to learn abstract topics, it 
is essential that students have the appropriate representational 
knowledge to gauge which aspects of a phenomenon a metaphor 
illuminates or suppresses. In the case of phylogenetic trees, 
students have to be aware of what evolutionary aspect (e.g., 
time, relatedness, or both) is in focus (Gregory 2008; Omland 
et al. 2008). Consequently, potential misinterpretations must be 
addressed, such as realizing that the branching pattern in the tree 
is inferred from what is currently known, i.e., reconstructing 
the lineage leading to bacteria is impossible due to the number 
of generations that would be required to do so, with no direct 
traces of these today.

Secondly, teachers should use multiple representations in 
combination with acknowledging students’ prior experiences 
(Delgado and Lucero 2015) to communicate temporal 
and relational aspects (Ainsworth and VanLabeke 2004). 
Consider Fig. 4 which illustrates two complementary visual 
representations of evolution.

Thirdly, it is important that dynamic interfaces such as Deep-
Tree clearly depict the relation between represented time and 
real time, and also communicate a coherent relationship between 
zooming time and real time. A complement to this could be 
in integrating further touch based options for controlling the 
“speed” of passing time during zooming. Finally, we propose 
that users should be able to distinguish extinct from present 
species.

Lastly, we are currently analyzing students’ affective 
experiences of evolutionary time and relatedness while 
interacting with DeepTree, an inf luential factor in 

Fig. 4  Two ways of visualizing the same evolutionary history of 
organisms a–k. Left: evolutionary relatedness between organisms. 
Right: inclusion of temporal aspects showing that only  species c, e, 
and g currently exist
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considering the role of emerging interactive technologies 
in science education.
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ABSTRACT
Despite the importance of emotions in science education, research on 
affect remains sparse. A promising direction is to explore the role of 
immersive visualisation in evoking affective responses. We investigate 
whether touch-based zooming interaction with a tabletop visualisation 
of the tree of life evokes various affective responses, particularly, the 
epistemic affective responses of awe, curiosity, surprise, and confusion. 
Ten students participated in semi-structured interviews while interacting 
with the visualisation. Verbal utterances and interactions with the visual 
interface were videorecorded. Students’ verbal and non-verbal affective 
responses in relation to five evolutionary themes were analysed. Results 
revealed that students expressed all four affective responses while enga-
ging the zooming feature, with awe and surprise most frequently uttered. 
Most affective responses were associated with the themes of biological 
relationships and evolutionary time. Awe was highly associated with 
evolutionary time, surprise with biological relationships, and confusion 
with both these conceptual themes. For eight participants, awe was the 
initial affective response generated after exposure to the dynamic tree of 
life. The study demonstrates that interacting with an immersive visualisa-
tion through zooming can induce affective responses in relation to multi-
ple conceptual themes in evolution. The findings provide insight into 
multidirectional interconnections between affect, dynamic visualisation, 
and biology concepts.
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DeepTree; evolution 
education; affective 
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Introduction

Vibrant discussion on the role of affect in education has shown that affective aspects such as 
emotion and feelings influence the learning and teaching of science (e.g. Fortus 2014; Pekrun 2014). 
Although research on affective dimensions in education has increased since the 1990s, it remains an 
under-investigated domain (Matthews 2015). Studies have shown that distinguishing between 
emotions and cognition is more blurred than previously thought (Lehman, D’Mello, and 
Graesser 2012). For example, Damasio (1994) and Pessoa (2008) have demonstrated considerable 
overlap in the neural circuitry between cognitive and emotional processes. In support of this notion 
from an epistemological perspective, Elgin (2008) argues that affective responses are a facet of 
reasoning that need to be acknowledged in providing effective learning.
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In a previous study (Stenlund, Schönborn, and Tibell 2021), we investigated students’ interaction 
with DeepTree, a dynamic Tree of Life.1 We explored how interactive finger-based zooming 
influenced students’ interpretation of the spatial and temporal aspects of visualised evolutionary 
time and biological relationships. During this previous work, we also informally observed that 
students generated frequent emotional and affective responses while interacting with the tree (Block 
et al. 2012; Stenlund, Schönborn, and Tibell 2021). In following on from Stenlund, Schönborn, and 
Tibell (2021), formal exploration of these undocumented observations serves as the focus of the 
present study. In doing so, our goal is to contribute to currently limited research on the role of affect 
in relation to interacting with dynamic visualisations in the context of biology education. Our 
specific aim is to systematically identify and analyse the affective dimensions related to students’ 
interaction with DeepTree.

Prior research is largely focused on students’ cognitive engagement with ‘static’ pictorial Tree of 
Life representations (Baum, Smith, and Donovan 2005; Gregory 2008; Schramm, Schachtschneider, 
and Schmiemann 2019) but knowledge about the relationships between interactive and dynamic 
features of visualisations and how the affective domain is related to conceptual understanding is 
sparse. Considering this gap in knowledge, and the use of dynamic and interactive touch-based 
interfaces, and the importance of affective responses for learning, more work on learners’ affective 
responses to these digital resources would add much value to biology education research (Block 
et al. 2012; Horn et al. 2016) .

Theoretical background

Visual representations for communicating evolutionary concepts

Evolution by means of natural selection has proven challenging to understand for multiple reasons 
(Smith 2010). The enormous biological diversity and the vast time spans of evolutionary history are 
divorced from immediate human experience. Also, ideas of a common origin of organisms and 
most recent common ancestor remain elusive. Charles Darwin was first to metaphorically visualise 
the idea of biological relationships evolving from a common ancestor as a genealogical tree of life 
(Darwin 1859), (Figure 1). The visual tree metaphor has since become ubiquitous in biology in 
depicting genes as trees of species, trees as special networks and trees of genomes as trees of cells 
(O’Malley and Koonin 2011). Visual tree representations powerfully communicate essential ideas of 
evolutionary theory, but visual tree metaphors are often constructed and used by experts and 
therefore prove troublesome for novices to interpret (Gregory 2008; Matuk and Uttal 2018).

Affective responses in learning

As described by Pekrun (2014), educational situations generate various emotional responses, which 
include achievement emotions, topic emotions and epistemic emotions. Achievement emotions are 
related to notions of success and failure (e.g. enjoyment of learning, shame of failing). Topic 
emotions are connected with the presented topics (e.g. expressing the beauty of a biological 
representation) while epistemic emotions relate to cognitive challenges arising during knowledge 
acquisition (e.g. expressing awe or confusion). In this paper we refer to these epistemic emotions as 
epistemic affective responses that are often closely associated with violating one’s learning expec-
tancies, which may lead to cognitive incongruity and a need for accommodation (Nerantzaki and 
Efklides 2019; Valdesolo, Shtulman, and Baron 2017; Vogl et al. 2020). Hence, although these 
affective responses can result in learning gains if the incongruity is resolved, they can also be 
unfavourable for learning if unresolved confusion remains (Arguel et al. 2017). Experiencing 
affective responses can also serve as a motivational driver for further knowledge acquisition as 
well as enhancing memory and recall (Brun, Kuenzle, and Doguoglu 2008; Elgin 2008; Munnich, 
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Ranney, and Song 2007). Furthermore, Immordino-Yang and Damasio (2007) have evidenced that 
applying knowledge to real-world situations is highly dependent on emotional processes.

Given that emotion and cognition have been shown to be interconnected (e.g. Pessoa 2008), the 
need for ongoing research on affect in science education is warranted (Fortus 2014; Matthews  
2015). In this regard, Chiang and Liu (2014) have suggested that the traditional ‘conceptual change’ 
approach of exploring students’ science learning needs to consider the influence of feelings and 
emotions. Moreover, Sinatra, Brem, and Evans (2008) showed that students’ emotions are signifi-
cantly involved in learning. The predominating we focus primarily on the epistemic affective 
responses of awe, surprise, confusion, and curiosity.

The predominating view in the literature is that awe is associated with two fundamental 
appraisals: perceived vastness and a need for accommodation (Keltner and Haidt 2003). 
Valdesolo, Shtulman, and Baron (2017) have claimed that awe is a central affect in early science 
learning, while Anderson et al. (2020) and Gottlieb, Keltner, and Lombrozo (2018) assert that awe 
inspiring experiences are positively related to scientific thinking and a willingness to adjust one’s 
beliefs. Awe has also been shown to be associated with an appreciation of connectedness with the 
environment and other organisms (Yaden et al. 2017).

Surprise can be defined as perceiving an inconsistency between an expectation or an implausi-
bility based on one’s current knowledge (Lorini and Castelfranchi 2007; Nerantzaki and Efklides  
2019). Surprise is also provoked by violations of one’s expectations, but in contrast with awe, 

Figure 1. Darwin’s ‘tree of life’ that was the sole visual representation in ‘The origin of species’. A thousand or more generations 
are indicated by each horizontal line and the branching pattern reflects common ancestry relationships. (Image in public 
domain).
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surprise need not involve accommodation nor vastness. In addition, experiencing surprise can serve 
several epistemological functions. For example, Horstmann and Herwig (2015) found that surprise 
focused users’ visual attention on an unexpected event and often preceded affective responses such 
as curiosity and confusion (Loewenstein 1994; Vogl et al. 2020).

Confusion is induced by exposure to ideas or events that are inconsistent with one’s existing 
conceptual structures. Unlike awe yet like surprise, confusion is also related to the violation of 
expectations. It is characterised by hesitation and uncertainty in how to proceed (D’Mello and 
Graesser 2012). Confusion might lead to various outcomes depending on the learning context. 
While evoking confusion should perhaps be avoided in simple learning situations such as applying 
memorised knowledge to similar contexts, it has been shown to sometimes improve engagement in 
complex learning and problem-solving situations (D’Mello et al. 2014; Lehman, D’Mello, and 
Graesser 2012). If experienced confusion can be resolved, it can lead to increased engagement 
and deeper understanding (Arguel et al. 2017), although unresolved confusion might be detrimental 
for learning (D’Mello and Graesser 2012) with an increased risk of uncertainty and frustration 
(Arguel et al. 2017).

Violation of expected outcomes can also elicit curiosity, an affection frequently defined in terms 
of a self-initiated, spontaneous exploration or inquiry performed to pursue an existing deficiency in 
knowledge (Jirout and Klahr 2012; Kidd and Hayden 2015). The driving force behind curiosity 
resides in a personal desire to fill perceived gaps in knowledge, where Loewenstein (1994) points to 
the interplay and mutual reinforcement between curiosity and knowledge structures.

Affective responses in relation to conceptual themes about evolution

Affect plays an important role in learning about evolutionary concepts. For example, Sinatra, Brem, 
and Evans (2008) showed that learning about evolution can induce anxiety within students and 
negatively impact knowledge acquisition, while Heddy and Sinatra (2013) demonstrated that 
enjoyment can promote learning.

Counterintuitive facts such as some dinosaurs being more closely related to existing birds than to 
other dinosaurs (Hecht et al. 2020) and Darwin’s expressed awe in describing the sheer vastness of 
biological diversity are compelling connections between affect and knowledge. The surprise evoked 
by realising that part of mammal evolution involved transitioning from terrestrial to aquatic 
environments (Sinatra, Brem, and Evans 2008), and the confusion generated when realising that 
evolutionary processes do not require deliberate agency (Moore et al. 2002), serve as further 
examples. And, as stated by Dawkins (2000), wondering why one was born surely inspires curiosity. 
As early as 1859, Darwin exposed these affective dimensions in relation to concepts about the 
vastness of evolutionary time, common descent of biological organisms, their interrelatedness, their 
sheer multitude and their biological form and function. However, little research has explored how 
specific affective responses are related to these central conceptual themes in evolution.

Affective responses to interactive and immersive visualizations

Emerging interactive visualisation technology provides novel opportunities for considering rela-
tions between affective responses and learning. In one study, Chirico et al. (2017) showed that 
immersive visualisations can significantly enhance the self-reported intensity of awe. Another study 
by Sheppard et al. (2008) showed that human responses to 3D visualisations of climate change 
evoke ‘feelings’ and ‘emotions’, especially when the visualisations portray the implications of 
climate change as realistic landscapes. Furthermore, Kennedy and Hill (2018) displayed multiple 
affective responses among participants when engaging with visualised data of species extinction that 
included feeling ‘overwhelmed by the scale of the problem’, results demonstrating that affect plays 
an important role in making sense of visualisations.
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As part of interactive technology, zoomable interfaces allow users to engage finger-based 
gestures to ‘zoom in and out’ as part of exploring large amounts of content and information within 
an otherwise limited physical space (Höst et al. 2018). In doing so, zooming interfaces provide users 
with an opportunity to virtually ‘travel’ in depth and in multiple dimensions (e.g. time or space) 
when making sense of information-rich and complex domains, such as evolution. In this regard, 
earlier work on DeepTree by Block et al. (2012) found that viewing and interacting with the sheer 
size of the visualised tree had an affective influence, with 9% of users’ utterances including ‘wow, 
this is big’ and ‘woah’. As noted by Mujtaba et al. (2018), such research suggests that interactive 
environments that offer opportunities to actively explore a representation can provide positive 
cognitive, affective and social outcomes for students.

Aim and research questions

This study investigates whether affective responses are induced when pupils interact with the 
DeepTree visualisation that communicates evolutionary concepts. Specifically, the following 
research questions are posed:

(1) What overall affective responses are evoked when interacting with DeepTree?
(2) Are the epistemic affective responses of surprise, curiosity, confusion, or awe generated 

during interaction with DeepTree?
(3) If so, what conceptual themes are the affective responses associated with?
(4) In what way are zooming interactions associated with the occurrences of the identified 

affective responses and associated conceptual themes?

Methods

The DeepTree visualisation

The DeepTree exhibit explored in this work is described by Block et al. (2012) and visualises the 
vast biological diversity and relationships between living and extinct organisms through evolu-
tionary time spans. The touch interface allows users to move virtually in evolutionary time from 
the origin of life to present day species by performing various touch-based interactions mainly 
associated with three primary types of zooming. One type of zooming is achieved by maintaining 
finger contact with an image of an organism, resulting in an automated ‘zooming in’ towards that 
selected organism and into the tree, an interaction that is illustrated in Figure 2a. A second type of 
zooming is achieved by performing a pairwise comparison of species, enabling users to 

Figure 2. Three interactions available in DeepTree for zooming into the displayed tree of life, namely, automatic zooming in by 
finger contact with a displayed organism (a), zooming in by pairwise comparison (b), or manual zooming in by a downward 
dragging finger gesture (c to d).
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automatically zoom into the tree to the most recent common ancestor of the two selected 
organisms to reveal the specific relational context of their closest relatives as illustrated in 
Figure 2b. A third type of zooming is accomplished by dragging a finger downward (or upward) 
while in contact with the table surface. Moving a finger downward achieves a ‘zooming in’ effect 
towards present time as shown in Figure 2c and 2d. In contrast, moving a finger upward achieves 
a ‘zooming out’ effect. Any of these three types of zooming interaction can be performed 
independently.

Study setting and participants

Ten student volunteers (8 females and 2 males) aged 16–18 (mean 17.3 years) from two school 
classes at an upper secondary school in Sweden participated in the study. All participants were 
enrolled in the same national social science programme of the Swedish school curriculum. Prior to 
engaging with DeepTree the students completed a questionnaire on age, gender and interest in 
biology. A task to test pre-knowledge about relative and absolute time for six evolutionary events 
was also included. As described in Stenlund, Schönborn, and Tibell (2021) prior knowledge about 
evolutionary time was representative for students of this age (Trend 2001) and the students’ interest 
in biology reflected a mean of 5.15 (standard deviation 2.6) on a scale between 0 to 10, where 0 
indicated completely uninterested and 10 very interested. Each student then engaged in a semi- 
structured interview with the first author while answering questions and performing tasks during 
interacting with DeepTree which are described in Stenlund, Schönborn, and Tibell (2021). Data 
were collected using a video camera mounted above the tabletop (see Stenlund, Schönborn, and 
Tibell 2021) that captured auditory information (e.g. verbal utterances of the student and inter-
viewer), and visual information (e.g. gestures and the associated visual feedback on the tabletop 
such as the graphical changes on the interface screen generated during students’ finger-based 
interaction).

Data collection

As specified earlier, while the former reported study (Stenlund, Schönborn, and Tibell 2021) aimed 
to identify students’ conceptualisations about temporal and spatial information communicated in 
the visualisation, the current study focuses on exploring affective responses associated with pupils’ 
engagement with DeepTree. Each student participated in a 35–45 minute ‘think-aloud’ semi- 
structured interview while interacting with the visualisation (Stenlund, Schönborn, and Tibell  
2021). Each interview commenced with the student’s initial familiarisation of the zooming feature. 
This was followed by questions about the communicated visual representations, such as what the 
branches represent. The mid part of the interview focused on pairwise comparisons of species, 
where students predicted, observed, and analysed the comparisons. We encouraged students to 
compare the biological relationship between specific pairs of organisms from various domains and 
phyla which might be counterintuitive given the relative respective existence of the most recent 
common ancestor. For example, students compared two pairs of species, first Tyrannosaurus rex 
and Velociraptor then Velociraptor and house sparrow. The students were asked which species were 
more closely related and their reflections probed. Other probed pairwise comparisons are repre-
sented by the connecting arches in Figure 3.

The end of the interview comprised mostly of retrospective reflections on the experiences of 
using DeepTree, for example prompted by questions such as ‘what was the most striking feature of 
the application?’ The entire interview protocol is available open access in Stenlund, Schönborn, and 
Tibell (2021).
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Data analysis

The data analysis was conducted in two phases. First, inductive analysis identified any overall 
affective responses. Second, of the overall responses that emerged in the initial inductive step, the 
epistemic affective responses of surprise, curiosity, confusion, and awe were further analysed in 
a subsequent deductive step. In addition, their association with biological conceptual themes and 
zooming interactions were explored.

Inductive phase
In response to research question 1, inspired by informal observations from a previous study 
(Stenlund, Schönborn, and Tibell 2021) and our synthesis of prior research (e.g. Block et al.  
2012; Gottlieb, Keltner, and Lombrozo 2018; Pekrun 2014; Valdesolo, Shtulman, and Baron  
2017; Vogl et al. 2020), we focused on qualitatively analysing the transcripts and videotaped data 
to identify any overall affective responses in students’ utterances during their interaction with 
DeepTree.

The analysis focused on ascertaining what was vocalised and how such responses were vocalised. 
Analysing what comprised coding the verbal expressions (e.g. uttered words such as ‘that’s 

Figure 3. Pairs of organisms used as examples of unexpected biological relationships presented to students during the pairwise 
comparisons in the semi-structured interviews. The relationships specified in the interview-protocol are represented by the 
arches and the corresponding phylogeny.
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Table 1. Types and definitions of affective responses, and their corresponding examples and prevalence identified during 
students’ interaction with DeepTree. Utterances in bold were verbally emphasised by students. Words between square brackets 
explain how respective affective responses were coded, provide clarifications of a preceding utterance, or actions that accompany 
the utterance. ‘”.” indicates a short pause between utterances.

Response 
type

Affective 
response

No. of 
utterances Definitions of affective responses Examples of verbatim excerpts

Achievement Shame 4 A feeling of failure or lack of success, for 
example caused by making an 
erroneous interpretation or false 
prediction (Pekrun 2006, Pekrun  
2014)

Student 1 (S1:) Now that I realise that 
I thought this was present time. Of 
course I understand it is not. [This 
was coded as expressing shame 
related to an erroneous 
interpretation]

Satisfaction 8 A feeling of goal attainment or desired 
end states, for example provided by 
interacting with the dynamic 
visualisation interface (Reinig, Briggs, 
and de Vreede 2009)

S6: Ahh, correct! It looks like what 
I predicted. [This was coded as 
expressing satisfaction due to goal 
attainment]

Enjoyment 8 The feeling of experiencing pleasure 
during engagement with the 
interface and task, for example 
experiencing pleasure in using and 
valuing the interface (Pekrun and 
Stephens 2010)

S3: I enjoyed doing this. It was a good 
way to learn [about evolution] [This 
was coded as expressing enjoyment 
due to valuing the interface]

Topic Positive/ 
negative  
endearment

4 The feeling of positive or negative 
affection for the appearances of 
depicted organisms (Pekrun 2014)

S2: That one [pointing to an image of 
Douc monkeys (Pygathrix)] was also 
very cute [This was coded as 
expressing positive endearment for 
the appearances of the animal]

Epistemic Awe 31 Experiences of something so vast, that 
it evokes a need for accomodation, 
and might be associated with 
stimulating processes of changing 
one’s existing ideas (Keltner and 
Haidt 2003; Valdesolo, Shtulman, and 
Baron 2017).

S6: the vastness of time that our 
evolution goes back into the past is 
much longer than I thought. 
[this was coded as awe based on the 
verbal expression in combination 
with the intonation stressing 
unknown and unexpected vastness 
of evolutionary time]

Surprise 31 Inconsistency between an expectation 
or an implausibility based on current 
conceptions or knowledge (Lorini 
and Castelfranchi 2007; Nerantzaki 
and Efklides 2019).

S4: I thought that Velociraptor and 
Tyrannosaurus rex would be much 
more closely related [to each other] 
but Velociraptor was much closer 
related to House sparrow so that was 
really surprising. 
[this was coded as surprise based on 
the verbal expression in combination 
with the intonation stressing the 
most unanticipated close 
relationship between Velociraptor 
and House sparrow]

Confusion 25 The presentation of ideas or events that 
are inconsistent with existing 
knowledge and existing cognitive 
patterns that cause hesitation, an 
impasse, or an uncertainty in how to 
proceed. (D’Mello and Graesser  
2012).

Interviewer (I): [while discussing how 
time is interpreted in DeepTree] Why 
do you think there are two [time 
axes]? How do you see it? S8: Mmm . 
[hesitates] Since it says different . 
time periods and how long time it is . 
and somehow I think it’s about . the 
two [points towards two different 
linages that the student interprets] 
are about different things [confused 
that the two lineages are not 
temporally congruent]. [this was 
coded as confusion based on 
a combination of verbal expression 
and how the sentences were 
interspersed with intermittent 
reflective pauses followed by 
tentative explanations].

(Continued)
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awesome’, ‘I’m confused’, ‘This is exciting’) and non-verbal sounds (e.g. ‘wow’, ‘Ha’, ‘He’, ‘Oh’, 
‘Mmm’). Analysing the how comprised coding the expressed tone of voice (e.g. nature of intona-
tion). This approach for analysing affective responses in voice communication is founded in 
Cordaro et al. (2016). A total of 119 verbal utterances were identified during induction, and also 
emerged in the form of three overall affective response types presented in Table 1.

Deductive phase
Following the emergent groupings of overall affective responses, a three-step theory-driven analysis 
was applied that focused on the observed category of epistemic affective responses. Firstly, in 
response to research question 2, the epistemic affective responses of awe, surprise, confusion and 
curiosity in students’ utterances while engaging with DeepTree were specifically explored. 
Definitions for these four epistemic affective responses were developed as a basis to code the 
students’ utterances (see Table 1).

Secondly, in response to research question 3, we connected students’ emergent affective 
responses in relation to their interpretation of the following five conceptual themes (see literature 
review) communicated in the DeepTree visualisation:

i) evolutionary time – interpreting temporal aspects of biological evolution, ii) biological related-
ness – interpreting biological relationships, iii) common descent – interpreting the common ancestry 
and origin of all organisms, iv) biological diversity – interpreting the vast biological diversity 
inherent in the tree, v) biological structure or terminology – interpreting anatomical and morpho-
logical features and terminology.

Evidence of a connection between a conceptual theme and respective affective response was 
coded as present when any affective utterance by the participant that indicated awe, surprise, 
confusion, or curiosity (Table 1) emerged in conjunction with any of the five conceptual themes 
above. Thirdly, and in response to research question 4, we analysed whether any of the affective 
responses were aligned with, or were influenced by zooming interactions. Affective responses that 
emerged simultaneously or in direct connection with performing a particular zooming interaction 
(Figure 2) were termed directly zoom-related and could not have been achieved without engaging 
the zooming feature of DeepTree. Any affective responses that were uttered due to reflecting upon 
or discussing previous zooming behaviours in general, or outcomes thereof, at some point during 
interaction with the table were termed indirectly zoom-related. Examples of the coding of direct 
and indirect zoom related affective responses are provided later in the rightmost column of 
Table 4 .

Two of the authors coded a total of 95 epistemic affective responses. The coding procedure 
yielded an interrater agreement of 81%, which after discussion resulted in full agreement. The 
coding of the association of the affective responses with respective conceptual themes and zooming 
interaction was conducted jointly by the same two authors during several iterations where full 

Table 1. (Continued).

Response 
type

Affective 
response

No. of 
utterances Definitions of affective responses Examples of verbatim excerpts

Curiosity 8 Self-initiated and spontaneous desire to 
explore or inquire in response to 
perceiving a gap in knowledge 
(Jirout and Klahr 2012; Loewenstein  
1994).

S2: But bacteria [refers to true bacteria] 
are more complex than cells [student 
spontaneously asks about eucaryotic 
cells]? Or . ? 
[this was coded as curiosity based on 
the verbal expression in combination 
with the intonation e.g. the increased 
pitch during the closing or final 
uttered word]
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agreement was established as the joint coding developed (Hultman, Forinder, and Pergert 2016). 
The third author contributed by face validating the final coded associations.

Results

Findings are reported in five sections. The opening two sections describe overall patterns and 
distributions in the participant group. The third section provides a fine-grained and event-based 
comparison of the ten participants’ interaction with DeepTree. Sections four and five capture 
qualitative accounts of individual students’ engagement with the interface, respectively.

Overall frequency and distribution of affective responses and associated conceptual themes

In response to research question 1, the overall affective responses observed during students’ 
interaction with DeepTree are presented in Table 1.

As shown in Table 2, 95 epistemic affective responses were generated. Surprise, confusion and 
awe were expressed to a similar degree (31, 25, 31 responses respectively) with curiosity being 
expressed in 8 responses.

Most students’ epistemic affective responses (46/95) were associated with biological relationships 
followed by 26 affective responses expressed in relation to evolutionary time (Table 2). Biological 
diversity was associated with 10 affective responses while common descent (6) and biological 
structure or terminology (7) showed the lowest association with generated affective responses. 
Surprise (27) represented the most salient affective responses in association with biological relation-
ships, whilst confusion (13) and awe (12) were mostly associated with biological relationships and 
evolutionary time, respectively. Students expressed curiosity on 8 occasions with 7 related to 
biological structure or terminology. Figure 4 visualises the relative proportion and extent of 
association between expressed affective responses and conceptual themes.

There are multiple and varying connections between the conceptual themes and the affective 
responses (Figure 4). Evolutionary time is associated with all the affective responses, but mostly with 
confusion and awe. There is a strong connection between expressing ideas about biological 
relationships and experiencing surprise and confusion. Ideas about biological diversity and com-
mon descent were almost entirely associated with experiencing awe. Students’ experiences of 
curiosity were mostly related to expressions about biological structure and terminology. Most 
affective-conceptual interconnections were manifested for surprise and awe.

Association of zooming interactions with affective responses and conceptual themes

As defined in the methods, zooming interactions were coded as ‘direct zoom related’ and ‘indirect 
zoom related’. Figure 5 presents the proportion of the two zooming interaction types with respect to 
each affective response category in the group of participants.

Table 2. Distribution of utterances of affective responses in relation to the conceptual themes.

Conceptual theme Surprise Confusion Awe Curiosity Total

Biological relationships 27 13 6 0 46
Evolutionary time 2 11 12 1 26
Biological diversity 1 0 9 0 10
Common descent 1 1 4 0 6
Biological structure or terminology 0 0 0 7 7
Total 31 25 31 8 95
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Direct zoom related interactions were associated with most utterances when students conveyed 
surprise, awe, and curiosity (Figure 5). Experiencing confusion was almost equivalently associated 
with both zooming interaction types. Table 3 provides further details of the zooming interactions 
and their association with both the conceptual themes and affective responses.

Of all epistemic affective responses, 57% (54/95) were associated with direct zooming, and 
43% (41/95) with indirect zooming, respectively. Most direct (16) and indirect (11) zoom 
related experiences were associated with experiencing surprise during expression of ideas 
about biological relationships. The highest number of direct zoom behaviours were attrib-
uted to students experiencing surprise (19) and awe (18), respectively. Regarding biological 
relationships, 59% (27/46) were associated with affective utterances generated during direct 
zooming, whilst 41% (19/46) were generated during indirect zooming interaction. These 
interactions constituted almost half of the total indirect and direct zooming interaction. 
Evolutionary time revealed the highest proportion (65%) of affective reactions in relation to 
direct zooming. Awe was mostly expressed in association with evolutionary time (12). 
Regarding biological relationships and evolutionary time, affective responses in connection 
with confusion were almost equally generated with both direct and indirect zooming.

Figure 4. Visualised relationships between the conceptual themes and affective responses. The height of the rectangular blocks 
and the thickness of the streams connecting the conceptual themes and affects correspond to the values in Table 2.
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Students’ affective responses, zooming interactions and conceptual themes during 
interaction with DeepTree

Figure 6 visualises the ten participants’ sequential engagement with DeepTree as ten normalised 
timelines (1–10) representative of each interview session. Black pointers above each timeline indicate 
zooming interactions, while the four coloured emoticons represent the different affective responses. 
Uppercase letters above the emoticons designate associations with respective conceptual themes and 
lowercase letters beneath the timelines refer to student excerpts in Table 4. Red boxes enclosing some 
emoticons indicate direct connection between a zooming interaction and affective response.

As displayed in Figure 6, all ten students expressed affective responses while interacting with 
DeepTree, with the affective responses emerging continuously and frequently. Figure 6 also reveals 
variation in and between distribution of students’ affective expressions that ranged from 5 to 20 
utterances per student. At one extreme, student 5 only expressed affective responses 5 times, of 
which direct zooming interaction occurred only once. In contrast, student 2 expressed all four types 
of affective responses (20 in total) at least twice, 8 of which were directly related to zooming events. 
In addition, student 2 also differed from the other students in the frequent expression of curiosity.

Figure 5. Proportions (%) of direct and indirect zoom related interactions in relation to the number of utterances representing 
curiosity, confusion, surprise, and awe.

Table 3. Students’ uttered affective responses and related conceptual themes during direct and indirect zooming interactions.

Biological 
relationships

Evolutionary 
time

Biological 
Diversity

Common 
descent

Biological 
structure or 
terminology

Direct Indirect Direct Indirect Direct Indirect Direct Indirect Direct Indirect Total Direct Total Indirect

Surprise 16 11 2 0 0 1 1 0 0 0 19 12
Confusion 7 6 5 6 0 0 0 1 0 0 12 13
Awe 4 2 9 3 3 6 2 2 0 0 18 13
Curiosity 0 0 1 0 0 0 0 0 4 3 5 3
Total 27 19 17 9 3 7 3 3 4 3 54 41
% 59% 41% 65% 35% 30% 70% 50% 50% 57% 43% 57% 43%

12 J. I. STENLUND ET AL.



Fi
gu

re
 6

. T
im

el
in

es
 s

ho
w

in
g 

se
qu

en
tia

l (
le

ft
 to

 ri
gh

t)
 o

cc
ur

re
nc

es
 o

f a
ffe

ct
iv

e 
re

sp
on

se
s,

 re
la

te
d 

co
nc

ep
tu

al
 th

em
es

, a
nd

 re
sp

ec
tiv

e 
zo

om
in

g 
in

te
ra

ct
io

ns
 fo

r e
ac

h 
of

 th
e 

te
n 

(1
–1

0)
 p

ar
tic

ip
an

ts
. T

he
 

lo
w

er
-c

as
e 

le
tt

er
s 

(a
-i)

 re
fe

r t
o 

th
e 

ex
ce

rp
ts

 in
 T

ab
le

 4
. D

ot
te

d 
lin

es
 c

on
ne

ct
in

g 
re

d 
bo

xe
s 

en
cl

os
in

g 
so

m
e 

of
 th

e 
em

ot
ic

on
s 

re
pr

es
en

t a
 d

ire
ct

 c
on

ne
ct

io
n 

be
tw

ee
n 

th
at

 p
ar

tic
ul

ar
 z

oo
m

in
g 

in
te

ra
ct

io
n 

an
d 

th
e 

re
sp

ec
tiv

e 
aff

ec
tiv

e 
re

sp
on

se
.

JOURNAL OF BIOLOGICAL EDUCATION 13



Table 4. Examples of coding the connection between affective responses and conceptual themes in student utterances during 
direct or indirect zooming interactions. Utterances in bold were verbally emphasised by students. Words between square 
brackets indicate preceding or simultaneous actions during the interview. ‘”.” indicates a short pause between utterances while 
”[. . .]” indicates an omitted section of transcript text.

Excerpt
Affective 
response Conceptual theme

Verbatim extract showing connection between affective 
response and conceptual theme

Zooming 
interaction

a Awe Biological 
diversity

Student 9 (S9): [while conducting an automatic zooming 
towards H. sapiens] Wow, wow, wow! Yes, that went. Oh, 
Damn! He he he. Interviewer (I): What is happening now? S9:. 
It was a bit. I almost became a bit dizzy! Ha ha. Now, let’s see . 
Interviewer (I): How did you perceive that? S9: It was very 
much, ehh. it was very much more than I expected it to be. I: 
Very much regarding what? S9: So many branches and . 
which led to new branches eh. so it is a long, long way. 
Longer than one would expect.

Direct

b Awe Common descent S3: [while contemplating an earlier zooming event] 
I didn’t think that banana and humans had such a close, or 
should I say relatively close connection to each other. You, 
kind of, understand how all life on earth is connected.

Indirect

c Awe Evolutionary time [Student zooms into H. sapiens] 
S6: Ha ha, that was very far ahead [increasing intonation 
reinforces the interpretation that timespan was unexpected] 
[. . .] 
T: How did you experience what you just saw? 
S6: that we are so very far ahead. or back in history. We 
[humans] are [occur] so very late compared to everything 
else . . . Very far back in time . we have something in common. 
But that it is very, very far back.

Direct

d Surprise Biological 
relationships

S3: I believe we are . . . more closely related [to E. coli] 
I: compared with [our relatedness to] yeast? 
S3: compared with yeast [confirmatory] 
I: Okay, let’s see what happens [the student initiates 
a pairwise comparison and then observes the outcome which 
reveals the unexpected opposite result] 
S3: He . nope [surprised response reinforced by increasing 
intonation] 
I: What do you think now, what does it mean. what 
happened? 
S3: So, I thought that we are more closely related to it [E. coli] 
since we have it in the body [as an explanation as to why she 
was surprised].

Direct

e Surprise Biological 
relationships

S4: [while contemplating earlier pairwise comparisons] 
I thought that Velociraptor and Tyrannosaurus rex would be 
much more closely related but Velociraptor was much closer 
related to house sparrow so that was really surprising.

Indirect

f Confusion Biological 
relationships

[the student observes the outcome of a pairwise zooming 
comparison between banana and humans] I: What is your 
interpretation of what just occurred? S8: Wow! well, what 
happened? [reveals uncertainty] Ehh he he. Yes, we descend 
from the same . [hesitates again] here, in the stem, but then it 
branches off into different, in different ways here. and well. 
the blue colour. [hesitates and reveals uncertainty] it would 
represent . some kind of . [shows bewilderment] or where it 
[specify ‘it’ here] descends from.

Direct

g Confusion Evolutionary time I: [while discussing how time is interpreted in DeepTree] why do 
you think there are two [time axes]? How do you see it?S8: 
Mmm . [hesitates] Since it says different . time periods and 
how long time it is . and somehow I think it’s about. the two 
[points towards two different linages that the student 
interprets] is about different things [confused that the two 
lineages are not temporally congruent].

Indirect

h Curiosity Biological 
structures or 
terminology

S2: [self-initiated use of the manual zooming results in an 
observation and subsequent spontaneous inquiry about an 
unknown term] What does nucleated mean [with an 
inquisitive tone]?

Direct

(Continued)
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Qualitative examples of students’ affective responses in relation to conceptual themes

The following results describe how individual students exposed the four epistemic affects in relation 
to the five conceptual themes. We kindly request readers to interpret these findings in joint 
consultation with Figure 6 and Table 4.

As shown in Figure 6, awe was the initial affective response observed for eight of the students, 
and all participants (except student 4) expressed awe at some point during interaction with 
DeepTree. All conceptual themes except biological structure and terminology contributed to awe 
as exemplified by student 3, 6 and 9 in excerpts b, c and a, respectively. Four of the conceptual 
themes contributed to surprise, but the major conceptual theme expressed in association with 
surprise was biological relationships. These connections are demonstrated by student 3 and 4, and 
excerpts d and e, respectively. Regarding exposing ideas about biological relationships, and as 
shown by student 3 (excerpt d), an unexpected finding was that five students believed H. sapiens to 
be more closely related to E. coli since we host them in our intestines. Apart from students 4 and 6, 
confusion was expressed by all participants, in accompaniment with biological relationships and 
evolutionary time (see excerpts f and g generated by student 8). Finally, students 2 and 3 were the 
only participants to express curiosity, an affect most frequently associated with biological structures 
and terminology (see excerpts h and i).

Qualitative examples of students’ association of zooming interactions with affective 
responses and corresponding conceptual themes

As described previously (Table 3), direct zooming was most often associated with biological 
relationships in connection with surprise. This is exemplified in excerpt d (Table 4), where the 
student initiates a comparison and then observes an unexpected outcome.

As also described previously, the second most common combination regarding direct zooming 
was associated with biological time and awe. This connection is shown by student 6 in excerpt 
c (Table 4) being struck by how late in the history of life human evolution is represented.

As manifested in excerpt e (Table 4), surprise was revealed in combination with biological 
relationships and indirectly related to a zooming interaction. In contrast, excerpt a in Table 4 
demonstrates an affective response that is directly related to a zooming event. In this case, it is 
interpreted as awe since it reveals an explicit expression of vastness and a need for accommodation. 
The utterance was also delivered in direct connection to biological diversity during the interaction. 
Excerpt d (Table 4) is an example of a direct relation between a zooming interaction and biological 
relationships connected to surprise. In excerpt f, biological relationships are directly related to 
a zooming event and confusion, which constitutes an example where confusion is experienced prior 
to reaching a subsequent tentative solution.

Discussion

Our study shows that engaging with Deep Tree and zooming was associated with frequent and 
varied affective responses across the student group and induced discussions about evolutionary 

Table 4. (Continued).

Excerpt
Affective 
response Conceptual theme

Verbatim extract showing connection between affective 
response and conceptual theme

Zooming 
interaction

i Curiosity Biological 
structures or 
terminology

S2: [while discussing the full view of the tree, self-initiated and 
spontaneous pointing towards lineages labelled “Archaea“] 
what does that mean [with an inquisitive tone]?

Indirect
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concepts. Findings revealed multiple connections between affective responses, conceptual themes 
and zooming interactions with DeepTree. In discussing these associations, we focus on biological 
relationships and evolutionary time since they were saliently expressed. Each of these conceptual 
themes are considered in association with their most strongly observed affective responses.

Biological relationships were mainly investigated by means of the pairwise comparison feature 
(see Figure 2b) which enabled students to predict the relatedness between two species, and then test 
their prediction using DeepTree (cf. Stenlund, Schönborn, and Tibell 2021; Horn et al. 2016). We 
stimulated comparisons of counterintuitive relationships (see Figure 3) to determine how interac-
tion with the visualisation might induce affective responses. The most notable connection between 
a conceptual theme and affective response was between biological relationships and surprise, which 
occurred during mid-interview and often resulted from direct zooming interactions. This connec-
tion was indicated several times, for example by student 4 who responded to the question ‘Did this 
application make you change your way of understanding or viewing [this topic]?’ by answering: 
‘I didn’t know that we were so closely related to bananas for example. I had no idea that was the case. 
Later student 4 also says: That was very surprising as well as [our close relation] to yeast. That was 
also very surprising’.

Another example of the association between a potential learning experience and the affective 
response of surprise expressed by student 4 is presented in excerpt e in Table 4 (‘S4: [while 
contemplating earlier pairwise comparisons] I thought that Velociraptor and Tyrannosaurus rex 
would be much more closely related but Velociraptor was much closer related to house sparrow so that 
was really surprising’). Several students became surprised or confused by displayed relationships 
when discovering their preconceived ideas to be incorrect. For example, when discovering that 
Velociraptor was much closer related to the house sparrow than to T.rex, or seeing the distant 
relationship between H. sapiens and E. coli. Other students became confused when discovering that 
bananas and humans are related. While comparing closely related species, it was possible to make 
successive pairwise comparisons allowing for intuitively communicating variations in relationships 
(e.g. see 2:27–2:41 in footnote link). We suggest that the immersive zooming experience reinforces 
gaining insight into relationships in line with Horn et al. (2016). The connection between affective 
responses and learning about the relatedness of organisms in general were also mentioned by 
several students. For example student 6 stated ‘I think this is a joyful tool which makes it easier to 
envision [evolution]. I think it makes it easier to learn about . . . how should I say, how various species 
are related’. Evolutionary time was the second most frequently observed conceptual theme, which 
primarily accompanied awe and confusion (Figure 4, and Table 2). Students expressed awe most 
often in conjunction with evolutionary time at the start of the interview and mostly in direct 
relation with a zooming interaction. In addition, the observation that awe was expressed rapidly 
after students’ initial exposure to the visualisation, supports the ‘affective power’ of DeepTree (also 
see Chirico et al. 2017; Muller et al. 2006). In some cases, the zooming was almost a ‘visceral’ 
experience (see e.g. excerpt a in Table 4). Such reactions are probably due to the student’s 
unfamiliarity with the example time spans (e.g. Cheek 2010) in combination with the striking 
zoom feature. In particular, the students were confused about the time intervals in the tree – for 
example, the long time period since the lineage of bacteria and eucaryotes diverged, and the 
relatively short time period since the split of dinosaurs and mammals. As exemplified in excerpt 
g (Table 4), trying to interpret the temporal information confused some students. This was observed 
in association with the intuitive, but erroneous assumption that the tree communicates a coherent 
timeline along an implicit y-axis (Stenlund, Schönborn, and Tibell 2021). In addition, several 
students expressed that they perceived that more nodes represents longer time (Stenlund, 
Schönborn, and Tibell 2021). These misinterpretations can provide a starting-point for developing 
students’ readiness to commence realising conceptions of evolutionary time (Lehman, D’Mello, and 
Graesser 2012). Biological diversity was associated with ten affective responses of which nine were 
awe, and mostly generated via indirect zooming. The general scarcity of affective reactions in 
relation to diversity might be surprising since DeepTree visualises 700000 species and 
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accompanying lineages (Block et al. 2012). Zooming into selected organisms is dynamically 
visualised with images of species approaching on each side along a lineage. This fact in conjunction 
with increasing branching might explain why almost all affective reactions in relation to this theme 
were awe-related (see excerpt a in Table 4). Experiencing the ‘moving in’ and sheer multitude of 
species, might serve as an example of an appreciation of vastness (Keltner and Haidt 2003). 
Interpreting common descent was illustrated by all participants and largely expressed as awe at 
the close of the interview. In this regard, the feeling of connectedness to present and previous 
organisms was included in some responses associated with awe (Yaden et al. 2017). In these cases, 
interaction with DeepTree may strengthen students’ realisation of the biological connectedness of 
species. We observed, particularly during the last part of the interview session that at least six of the 
ten participants made utterances that overtly expressed associations between various affective 
responses and learning experiences. Indications of connection between the affective response of 
awe and learning about common descent were evident in expressions such as that provided by 
student 2 who stated ‘You feel /./ more connected with everything alive /./ all organisms are connected 
to yourself /./ There are always certain genes that are shared from the beginning [of life]. It’s pretty 
awesome that all of this [all living organisms] is connected, kind of divine’.

The examples discussed here indicate multiple associations between affective responses and the 
learning of evolution concepts while engaging with an interactive visualisation. They provide 
several indications of the connection between surprise and learning about biological relatedness 
as well as the association between awe and learning about common descent. Similar findings by 
Block et al. (2012), Chirico et al. (2017), and Sheppard et al. (2008) also support our results that 
interactive visualisations can promote affective responses to facilitate learning. However, future 
research needs to pay more attention to the nature of the links between affect and learning. Future 
studies need to concretise and distil them more, rather than focus on distinguishing between affect 
and cognition.

Limitations of the study

Although the findings present a novel, qualitative and exploratory study at the intersection of 
emerging interactive visualisation technologies, affective responses, and evolutionary concepts, 
there are certain limitations. The aim of the study was to discover and describe, rather than formally 
infer causality or statistical generalisability. In this regard, the small sample size and lack of control 
group comparison impedes such generalisability. Also, other potential biases such as self-selection 
(e.g. interested volunteers), non-equivalent gender representation and socio-economic factors 
complicate any generalisation. Nevertheless, based on the achievement level, interest in biology 
and the fact that the participants were social science students (not studying the national science 
programme) the sample should be representative for a broad category of the general public. 
Another limitation is that only a single interactive visualisation was investigated. Overall, the in- 
depth interviews, two-phase methodological approach, and thorough transcription and video 
analysis provides a starting point for adding value to future research with larger numbers of 
participants and multiple contexts.

Conclusions and implications

Overall, this study has generated the following conclusions:

● Interacting with DeepTree through direct or indirect zooming induces affective responses and 
elicits discussions about evolutionary conceptual themes.

● Engaging with DeepTree evokes a spectrum of affective responses, in particular the epistemic 
affective responses of surprise, awe, confusion, and curiosity.
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● Epistemic affective responses are interwoven with interpreting biological relationships, evolu-
tionary time, biological diversity, common descent, and biological structure and terminology.

This study confirms observations by Block et al. (2012) that DeepTree induces affective responses 
and reinforces Pekrun’s (2014) claim that many learning scenarios are associated with affections. 
Furthermore, in line with Kennedy and Hill (2018), the findings in this study acknowledge that 
engaging with visual data has an emotional dimension that not only can promote communication 
of numbers, but also a feeling of numbers, for example the immensity of biological diversity or 
the vastness of evolutionary time. In this way, successful affective responses while engaging with 
data visualisation can act as an epistemic resource for engendering conceptual understanding. In 
addition, visualisation technologies that provide user control, immersive experiences, and access 
to large amounts of data that promote affective epistemic responses can also support learning by 
presenting unknown or unexpected biological knowledge (Chirico et al. 2017; Mujtaba et al.  
2018).

Interacting with DeepTree not only provided the participants with rich opportunities for 
potential learning (Mujtaba et al. 2018) but also reinforced already existing knowledge such as 
the notion of common ancestry. In support of Schuman et al. (2020), this study indicates that 
learning about science content and practices might be enhanced by using a touch based data 
visualisation.

In this study we show that the zooming features of DeepTree enable insight into evolutionary 
time and biological diversity and engage and promote affective epistemic responses. In accordance 
with Horn et al. (2016), we found the pairwise comparison feature in combination with deliberately 
chosen pairs to be an important interactive feature. In particular, pairwise comparisons that 
inspired affective responses often caused cognitive dissonance and stimulated further investigations 
and potential learning experiences. In Figure 7, we summarise the observed multidirectional 
interconnections between affective responses, conceptual themes and zooming interactions 
revealed in the study.

An overall observed trend made when students engage with DeepTree is that they intuitively 
start to zoom. The interviewer’s questions enticed them to examine different specific aspects using 
the zoom feature as a discovery and explorative tool. This was associated with different affective 
expressions and reflections about evolution concepts. Students often became surprised by the great 

Figure 7. Multidirectional interconnections between affective responses, conceptual themes and zooming interactions when 
engaging DeepTree.
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diversity and common descent of all organisms. Unexpected and counterintuitive relationships 
initially lead to confusion or surprise. As exploration continued, new insights made them curious, 
which led to further zooming interactions and discoveries. In turn, gained insights often led to 
evoking more affective responses. Of course, these patterns occurred in varying degrees and with 
different emphases (Figure 6), but the overall trend seemed to often repeat itself.

Our conclusions contribute to knowledge about engaging with interactive visualisations such as 
DeepTree as follows. By combining overview with detail (Bederson 2011), the zooming feature enables 
visualisation of the evolution of billions of organisms (Raup 1986) over immense temporal scales. 
Zooming allows a unique experience of viewing branching patterns along lineages which unfold 
continuously without losing spatial connections. Furthermore, interacting with DeepTree allows for 
exploration, question-generation, explanation, and prediction-making which are not possible with 
static displays (Ynnerman, Lowgren, and Tibell 2018). In addition, the semi-structured interview items 
successfully provoked and enticed cognitive disequilibrium (D’Mello and Graesser 2012).

Although the original design of DeepTree was intended for museums and science centres, given 
the ubiquity of such interfaces, there is a potential for use in formal educational settings. In this 
regard, affective responses elicited by interactive visualisation in combination with meaningful 
guidance may serve to prime conceptual change about evolution.

In closing, the added value of this study to the literature is the focus on the previously under 
researched intersection of interactive technologies, evolution concepts, and affective responses. In 
addition, this study constitutes the second study of a two-part enterprise, where the first focused 
specifically on the cognitive aspects of interacting with the interface in terms of conceptualising 
temporal dimensions (Stenlund, Schönborn, and Tibell 2021). In the present explorative study, we 
detail associations between interactive, affective and conceptual aspects, where the findings might 
provide a basis for transfer to other similar interactive visualisation environments for learning 
science. For example, how scaffolding, via explorative tasks that challenge students’ existing 
conceptions, might promote affective responses favourable for learning based on affordances 
provided by touch-based interactive visualisations. The findings of this study may also help inform 
methods to investigate the learning of subject matter knowledge that is visually communicated with 
new technologies in conjunction with the influence of affective responses.

Note

1. See https://www.youtube.com/watch?v=dpo9iK26el8. The development of DeepTree is detailed in Block et al. 
(2012).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Örebro University, Vetenskapsrådet [2012-5344, 729-2013-6871, 2019-03852].

ORCID

Lena Anna Elisabet Tibell http://orcid.org/0000-0002-4694-5611
Konrad Janek Schönborn http://orcid.org/0000-0001-8888-6843

JOURNAL OF BIOLOGICAL EDUCATION 19



References

Anderson, C. L., D. D. Dixson, M. Monroy, and D. Keltner. 2020. “Are Awe-prone People More Curious? the 
Relationship between Dispositional Awe, Curiosity, and Academic Outcomes.” Journal of Personality 88 (4): 
762–779. doi:10.1111/jopy.12524.

Arguel, A., L. Lockyer, O. V. Lipp, J. M. Lodge, and G. Kennedy. 2017. “Inside Out: Detecting Learners’ Confusion to 
Improve Interactive Digital Learning Environments.” Journal of Educational Computing Research 55 (4): 526–551. 
doi:10.1177/0735633116674732.

Baum, D. A., S. D. Smith, and S. S. S. Donovan. 2005. “The tree-thinking Challenge.” Science 310 (5750): 979. doi:10. 
1126/science.1117727.

Bederson, B. B. 2011. “The Promise of Zoomable User Interfaces.” Behaviour & Information Technology 30 (6): 
853–866. doi:10.1080/0144929X.2011.586724.

Block, F., M. S. Horn, B. C. Phillips, J. Diamond, E. M. Evans, and C. Shen. 2012. “The Deeptree Exhibit: Visualizing 
the Tree of Life to Facilitate Informal Learning.” IEEE Transactions on Visualization and Computer Graphics 
18 (12): 2789–2798. doi:10.1109/TVCG.2012.272.

Brun, G., D. Kuenzle, and U. Doguoglu (2008). “Introduction: A New Role for Emotions in Epistemology?”
Cheek, K. A. (2010). “Factors Underlying Students’ Conceptions of Deep Time: An Exploratory Study” [Durham 

University]. http://etheses.dur.ac.uk/277/ 
Chiang, -W.-W., and C.-J. Liu. 2014. “Scale of Academic Emotion in Science Education: Development and 

Validation.” International Journal of Science Education 36 (6): 908–928. doi:10.1080/09500693.2013.830233.
Chirico, A., P. Cipresso, D. B. Yaden, F. Biassoni, G. Riva, and A. Gaggioli. 2017. “Effectiveness of Immersive Videos 

in Inducing Awe: An Experimental Study.” Scientific Reports 7 (1): 1218. doi:10.1038/s41598-017-01242-0.
Cordaro, D. T., D. Keltner, S. Tshering, D. Wangchuk, and L. M. Flynn. 2016. “The Voice Conveys Emotion in ten 

Globalized Cultures and One Remote Village in Bhutan.” Emotion 16 (1): 117–128. doi:10.1037/emo0000100.
Damasio, A. R. 1994. Descartes’ Error: Emotion, Reason and the Human Brain. London: Picador.
Darwin, C. 1859. On the Origin of Species by Means of Natural Selection: Or the Preservation of Favoured Races in the 

Struggle for Life. London: John Murray.
Dawkins, R. 2000. Unweaving the Rainbow: Science, Delusion and the Appetite for Wonder. Boston: Houghton Mifflin 

Company.
D’Mello, S., and A. Graesser. 2012. “Dynamics of Affective States during Complex Learning.” Learning and 

Instruction 22 (2): 145–157. doi:10.1016/j.learninstruc.2011.10.001.
D’Mello, S., B. Lehman, R. Pekrun, and A. Graesser. 2014. “Confusion Can Be Beneficial for Learning.” Learning and 

Instruction 29: 153–170. doi:10.1016/j.learninstruc.2012.05.003.
Elgin, C. Z. 2008. “Emotion and Understanding.” Epistemology and Emotions 33–50.
Fortus, D. 2014. “Attending to Affect.” Journal of Research in Science Teaching 51 (7): 821–835. doi:10.1002/tea.21155.
Gottlieb, S., D. Keltner, and T. Lombrozo. 2018. “Awe as a Scientific Emotion.” Cognitive Science 42 (6): 2081–2094. 

doi:10.1111/cogs.12648.
Gregory, T. R. 2008. “Understanding Evolutionary Trees.” Evolution: Education and Outreach 1 (2): 121–137. doi:10. 

1007/s12052-008-0035-x.
Hecht, M., K. Knutson, K. Crowley, M. Lyon, P. McShea, and L. Giarratani. 2020. “‘How Could the Dinosaurs Be so 

Close to the Future?’: How Natural History Museum Educators Tackle Deep Time.” Curator: The Museum Journal 
63 (1): 39–54. doi:10.1111/cura.12342.

Heddy, B. C., and G. M. Sinatra. 2013. “Transforming Misconceptions: Using Transformative Experience to Promote 
Positive Affect and Conceptual Change in Students Learning about Biological Evolution: Transforming 
Misconceptions.” Science Education 97 (5): 723–744. doi:10.1002/sce.21072.

Horn, M. S., B. C. Phillips, E. M. Evans, F. Block, J. Diamond, and C. Shen. 2016. “Visualizing Biological Data in 
Museums: Visitor Learning with an Interactive Tree of Life Exhibit.” Journal of Research in Science Teaching 53 (6): 
895–918. doi:10.1002/tea.21318.

Horstmann, G., and A. Herwig. 2015. “Surprise Attracts the Eyes and Binds the Gaze.” Psychonomic Bulletin & 
Review 22 (3): 743–749. doi:10.3758/s13423-014-0723-1.

Höst, G., K. Schönborn, H. Fröcklin, and L. Tibell. 2018. “What Biological Visualizations Do Science Center Visitors 
Prefer in an Interactive Touch Table?” Education Sciences 8 (4): 166. doi:10.3390/educsci8040166.

Hultman, L., U. Forinder, and P. Pergert. 2016. “Assisted Normality – A Grounded Theory of Adolescent’s 
Experiences of Living with Personal Assistance.” Disability and Rehabilitation 38 (11): 1053–1062. doi:10.3109/ 
09638288.2015.1091860.

Immordino-Yang, M. H., and A. Damasio. 2007. “We Feel, Therefore We Learn: The Relevance of Affective and 
Social Neuroscience to Education.” Mind, Brain and Education 1 (1): 3–10. doi:10.1111/j.1751-228X.2007.00004.x.

Jirout, J., and D. Klahr. 2012. “Children’s Scientific Curiosity: In Search of an Operational Definition of an Elusive 
Concept.” Developmental Review 32 (2): 125–160. doi:10.1016/j.dr.2012.04.002.

Keltner, D., and J. Haidt. 2003. “Approaching Awe, a Moral, Spiritual, and Aesthetic Emotion.” Cognition and 
Emotion 17 (2): 297–314. doi:10.1080/02699930302297.

20 J. I. STENLUND ET AL.



Kennedy, H., and R. L. Hill. 2018. “The Feeling of Numbers: Emotions in Everyday Engagements with Data and Their 
Visualisation.” Sociology 52 (4): 830–848. doi:10.1177/0038038516674675.

Kidd, C., and B. Y. Hayden. 2015. “The Psychology and Neuroscience of Curiosity.” Neuron 88 (3): 449–460. doi:10. 
1016/j.neuron.2015.09.010.

Lehman, B., S. D’Mello, and A. Graesser. 2012. “Confusion and Complex Learning during Interactions with 
Computer Learning Environments.” The Internet and Higher Education 15 (3): 184–194. doi:10.1016/j.iheduc. 
2012.01.002.

Loewenstein, G. 1994. “The Psychology of Curiosity: A Review and Reinterpretation.” Psychological Bulletin 116 (1): 
75–98. doi:10.1037/0033-2909.116.1.75.

Lorini, E., and C. Castelfranchi. 2007. “The Cognitive Structure of Surprise: Looking for Basic Principles.” Topoi 
26 (1): 133–149. doi:10.1007/s11245-006-9000-x.

Matthews, B. 2015. “The Elephant in the Room: Emotional Literacy/Intelligence, Science Education, and Gender.” In 
The Future in Learning Science: What’s in It for the Learner? What’s in It for the Learner?, edited by D. Corrigan, 
C. Buntting, J. Dillon, A. Jones, and R. Gunstone, 193–212. Cham: Springer International Publishing. doi:10.1007/ 
978-3-319-16543-1_10.

Matuk, C., and D. H. Uttal. 2018. “The Effects of Invention and Recontextualization on Representing and Reasoning 
with Trees of Life.” Research in Science Education. doi:10.1007/s11165-018-9761-4.

Moore, R., G. Mitchell, R. Bally, M. Inglis, J. Day, and D. Jacobs. 2002. “Undergraduates’ Understanding of Evolution: 
Ascriptions of Agency as a Problem for Student Learning.” Journal of Biological Education 36 (2): 65–71. doi:10. 
1080/00219266.2002.9655803.

Mujtaba, T., M. Lawrence, M. Oliver, and M. J. Reiss. 2018. “Learning and Engagement through Natural History 
Museums.” Studies in Science Education 54 (1): 41–67. doi:10.1080/03057267.2018.1442820.

Muller, L., G. Turner, G. Khut, and E. Edmonds (2006). “Creating Affective Visualisations for a Physiologically 
Interactive Artwork.” Tenth International Conference on Information Visualisation London (IV), 651–657. doi:10. 
1109/IV.2006.36.

Munnich, E., M. A. Ranney, and M. Song. 2007. “Surprise, Surprise: The Role of Surprising Numerical Feedback in 
Belief Change.” Proceedings of the Annual Meeting of the Cognitive Science Society 2007 (29): 7.

Nerantzaki, K., and A. Efklides. 2019. “Epistemic Emotions: Interrelationships and Changes during Task Processing.” 
Hellenic Journal of Psychology 16: 177–199.

O’Malley, M. A., and E. V. Koonin. 2011. “How Stands the Tree of Life a Century and a Half after the Origin?” Biology 
Direct 6 (1): 32. doi:10.1186/1745-6150-6-32.

Pekrun, R. 2006. “The Control-Value Theory of Achievement Emotions: Assumptions, Corollaries, and Implications for 
Educational Research and Practice.” Educational Psychology Review 18 (4): 315–341. doi:10.1007/s10648-006-9029-9.

Pekrun, R. 2014. “Emotions and Learning.” Educational Practices Series 24 (1): 1–31.
Pekrun, R., and E. J. Stephens. 2010. “Achievement Emotions: A Control-Value Approach.” Social and Personality 

Psychology Compass 18.
Pessoa, L. (2008). “On the Relationship between Emotion and Cognition.” 11.
R. 2001. “An Investigation into the Understanding of Geological Time Among 17-Year-Old Students, with 

Implications for the Subject Matter Knowledge of Future Teachers.” International Research in Geographical and 
Environmental Education 10 (3): 298–321. doi:10.1080/10382040108667447.

Raup, D. M. 1986. “Biological Extinction in Earth History.” Science 231 (4745): 1528–1533. doi:10.1126/science.11542058.
Reinig, B. A., R. O. Briggs, and G.-J. de Vreede. 2009. “Satisfaction as a Function of Perceived Change in Likelihood of 

Goal Attainment: 15.” International Journal of e-Collaboration 5 (2): 61–74. doi:10.4018/jec.2009040104.
Schramm, T., Y. Schachtschneider, and P. Schmiemann. 2019. “Understanding the Tree of Life: An Overview of 

tree-reading Skill Frameworks.” Evolution: Education and Outreach 12 (1): 11. doi:10.1186/s12052-019-0104-3.
Schuman, C., K. A. Stofer, L. Anthony, H. Neff, P. Chang, N. Soni, A. Darrow, et al. 2020. “Ocean Data Visualization 

on a Touchtable Demonstrates Group Content Learning, Science Practices Use, and Potential Embodied 
Cognition.” Research in Science Education. doi:10.1007/s11165-020-09951-9.

Sheppard, S. R., A. Shaw, D. Flanders, and S. Burch. 2008. “Can Visualization Save the World? Lessons for Landscape 
Architects from Visualizing Local Climate Change.” Digital Design in Landscape Architecture 29–31.

Sinatra, G. M., S. K. Brem, and E. M. Evans. 2008. “Changing Minds? Implications of Conceptual Change for 
Teaching and Learning about Biological Evolution.” Evolution: Education and Outreach 1 (2): 189–195. doi:10. 
1007/s12052-008-0037-8.

Smith, M. U. 2010. “Current Status of Research in Teaching and Learning Evolution: II. Pedagogical Issues.” Science 
& Education 19 (6–8): 539–571. doi:10.1007/s11191-009-9216-4.

Stenlund, J. I., K. J. Schönborn, and L. A. E. Tibell. 2021. “Zooming in Time—Exploring Students’ Interpretations of 
a Dynamic Tree of Life.” Journal of Science Education and Technology 30 (1): 125–138. doi:10.1007/s10956-020-09893-x.

Valdesolo, P., A. Shtulman, and A. S. Baron. 2017. “Science Is Awe-Some: The Emotional Antecedents of Science 
Learning.” Emotion Review 9 (3): 215–221. doi:10.1177/1754073916673212.

JOURNAL OF BIOLOGICAL EDUCATION 21



Vogl, E., R. Pekrun, K. Murayama, and K. Loderer. 2020. “Surprised–curious–confused: Epistemic Emotions and 
Knowledge Exploration.” Emotion 20 (4): 625. doi:10.1037/emo0000578.

Yaden, D. B., J. Haidt, R. W. Hood, D. R. Vago, and A. B. Newberg. 2017. “The Varieties of Self-Transcendent 
Experience.” Review of General Psychology 21 (2): 143–160. doi:10.1037/gpr0000102.

Ynnerman, A., J. Lowgren, and L. Tibell. 2018. “Exploranation: A New Science Communication Paradigm.” IEEE 
Computer Graphics and Applications 38 (3): 13–20. doi:10.1109/MCG.2018.032421649.

22 J. I. STENLUND ET AL.



Jörgen Stenlund                                Visualizing the abyss of tim
e 

                 
 

 
  2023

Linköping Studies in Science and Technology Dissertations, No. 2278
Studies in Science and Technology Education No. 117

Visualizing the abyss of time
Students’ interpretation of visualized deep evolutionary time

Jörgen Stenlund

FACULTY OF EDUCATIONAL SCIENCES
Studies in Science and Technology Education No. 117
Department of Behavioural Sciences and Learning

Linköping Studies in Science and Technology Dissertations, No. 2278
Department of Science and Technology

Linköping University
SE-601 74 Norrköping, Sweden

www.liu.se


	Abstract
	Svensk sammanfattning
	Populärvetenskaplig sammanfattning på svenska
	List of papers and supporting work
	Author contributions
	Lists of tables, figures and abbreviations
	Preface
	Acknowledgements
	Table of Contents
	1. Introduction
	2. Theoretical framework
	3. Literature review
	4. Methodology
	5. Synthesis of Results
	6. Discussion
	7. Summary of thesis contributions and implications
	References
	Appendix I -VI
	Appendix I
	Appendix II
	Appendix III
	Appendix IV
	Appendix V
	PAPER I
	PAPER II
	PAPER III
	PAPER IV


 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
    
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
    
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
    
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     0
     0
     No
     635
     395
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     232
     231
     232
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all pages
     Request: bleed all round 14.17 points
     Bleed area is outside visible: no
      

        
     0.0000
     0
     0.0000
     14.1732
     0
     0
     581
     343
     0.0000
     Fixed
            
                
         Both
         AllDoc
              

       PDDoc
          

     0.0000
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     232
     231
     232
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins: left 0.00, top 0.00, right 0.00, bottom 0.00 points
     Horizontal spacing (points): 0 
     Vertical spacing (points): 0 
     Crop style 1, width 0.30, length 5.67, distance 14.17 (points)
     Add frames around each page: no
     Sheet size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Sheet orientation: tall
     Layout: rows 0 down, columns 0 across
     Align: centre
      

        
     0.0000
     14.1732
     5.6693
     1
     Corners
     0.2999
     ToFit
     0
     0
     0.7000
     0
     0 
     0
     0.0000
     0
            
       D:20071003103129
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     589
     352
     0.0000
     C
     0
            
       PDDoc
          

     0.0000
     0
     2
     1
     0
     0 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20220421103128
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     371
     197
    
     None
     Right
     14.1732
     0.0000
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     233
     235
     234
     235
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     same as current
      

        
     1
     1
     1
     557
     405
    
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   DefineBleed
        
     Range: all pages
     Request: bleed left 7.09, right 7.09, top 6.09, bottom 6.09 points
     Bleed area is outside visible: no
      

        
     6.0945
     1
     7.0866
     33.1087
     0
     0
     7.0866
     Margin
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     6.0945
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     1
     2
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all pages
     Request: remove bleed info
      

        
     6.0945
     1
     4.2520
     33.1087
     0
     0
    
     4.2520
     Remove
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     6.0945
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     0
     2
     1
     2
      

   1
  

 HistoryList_V1
 qi2base





