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Abstract
In this study, we investigate museum visitor leagrand engagement at an interactive
visualization of an evolutionary tree of life castng of over 70,000 species. The study was

conducted at two natural history museums wheréovsscollaboratively explored the tree of life



using direct touch gestures and a deep zoom iti@naaterface on a multi-touch tabletop
display. In the study, 247 youth, aged 8-15 yeaese randomly assigned in pairs to one of four
conditions. In two of the conditions, pairs of younteracted with different versions of the tree
of life tabletop exhibit for a fixed duration ofrteninutes. In a third condition, pairs watched a
ten-minute video on a similar topic, together. Udiial responses on a 53-item exit interview
were then compared to responses from a fourthjibasmndition. Contrasting with the baseline
condition, visitors who interacted with the tableexhibits were significantly more likely to
reason correctly about core evolutionary concegadjcularly common descent and shared
ancestry. They were also more likely to correatlgipret phylogenetic tree diagrams. To
investigate the factors influencing these learmatgomes, we used linear mixed models to
analyze measures of dyads’ verbal engagement arsicphinteraction with the exhibit. These
models indicated that, while our verbal and physitaasures were related, they accounted for
significant portions of the variance on their owrdependent of youth age, prior knowledge, and
parental background. Our results provide evidehatemulti-touch interactive exhibits that
enable visitors to explore large scientific datasgn provide engaging and effective learning

opportunities.
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Visualizing Biological Data in Museums:
Visitor Learning with an Interactive Tree of LifexHibit
The nature of scientific research has undergonefaynd shift in recent decades. More

than ever, scientists pursue lines of researchréiiyabn massive data sets and computational



methods of inquiry (Foster, 2006). As an exampleviant to this paper, researchers around the
globe are engaged in an ambitious effort to assethiel evolutionary relationships of millions of
species into a unified tree of life (Cracraft & [dghue, 2004). These transformational changes
in the nature of scientific inquiry raise importayptestions about the nature of learning
experiences provided by natural history museunisnee centers, and other informal science
institutions. Specifically, can computational toalsd large datasets be used to create unique and
meaningful learning experiences for visitors? Acah) brief engagements with such learning
experiences lead to improved understanding of cexngtience concepts such as evolution?

To address these questions, we investigated visi#oning at a natural history museum
exhibit designed to convey concepts of evolutiod biodiversity. The exhibit presents an
evolutionary tree of life consisting of over 70,0€/8ecies that visitors explore using a deep zoom
interaction interface on a multi-touch tabletoppthy. Visitors can move from the origins of life
3.5 billion years ago to present-day species reptegy a diversity of life on the planet (Figure
1). To develop this exhibit we combined severajdascientific datasets and created a novel
visualization technique (Block et al., 2012a).

Our exhibit design was informed by research omiegrin museums and other informal
environments (Crowley et al., 2001; Falk & Dierki2900). Researchers have previously
identified design factors that promaetive prolonged engagemgAPE) with interactive
exhibit elements in science museums (Humphrey &@lu2005). Prototypical APE exhibits
support open-ended exploration, self-driven disogwend collaborative engagement. From this
perspective, social interaction is seen as critwétarning, and effective exhibits must be

intentionally designed to foster collaboration weHimiting confusion and disruption.



Large interactive displays such as multi-touchdtdgs are popular in museums and
other public spaces (Antle et al., 2011; Horn gt2812; Hinrichs & Carpendale, 2011; Hinrichs,
Schmidt, & Carpendale, 2008; Hornecker, 2008; SmikliRaffle, 2009). These displays have
made it possible for visitors to “touch” and exgatisualizations of large scientific data sets
(e.g. Hinrichs, Schmidt, & Carpendale, 2008; LouvC&wley; Ma, Liao, Ma, & Frazier, 2012;
Roberts, Lyons, Cafaro, & Eydt, 2014). Despite ¢hagportunities, however, supporting
intuitive interaction for multiple users that gdesyond superficial levels of engagement is still
deceptively challenging (Block et al., 2012b; Hams & Carpendale, 2011; Hornecker, 2008).
Large multi-touch displays invite simultaneous bgenultiple visitors, but they also invite
confusion, conflict, and interference as visitorkvat cross purposes without the guidance of
established interaction techniques and social noAmd, while design frameworks have been
proposed to promote social interaction and plagkgloration (e.g. Block et al., 2012b; Snibbe
& Raffle, 2009), few existing studies have demaatstl learning gains with tabletops or other
large displays in museums especially around diffimypics like evolution. This study adds to
the existing literature and makes three main coations: First, we demonstrate through a
controlled study with 247 museum visitors that ge@an learn complex science concepts from
an interactive visualization of a large scientdataset. Second, we contribute to an
understanding of how social engagement can coméritoulearning in informal environments. In
particular, we use linear mixed models to understae effect of several measures of verbal
engagement and physical interaction on individaaitly learning outcomes. Finally, our results
provide insight into how to help learners make sasfdarge scientific datasets by building on
their intuitive conceptual frameworks.

Evolution and the Tree of Life



Evolution is a central organizing principle for aflthe life sciences. However, broad
public understanding of evolutionary concepts remma@lusive (Banet & Ayuso, 2003; Bishop &
Anderson, 1990; Evans, 2001, 2013). Conveying quisag evolution to museum visitors is
especially challenging (Diamond & Evans, 2007; Doaich & Scotchmoor, 2006) due to short
engagement times, difficulties of conveying complynamic processes with static
representations (Wilensky & Reisman, 2006), ancegpdead resistance to the idea of evolution
among the general public in the United States (a014; Miller, Scott, & Okamoto, 2006).
Even among natural history museum visitors, ontyula third of adults grasp evolutionary
concepts (Evans et al., 2010; MacFadden et al7)2@0evious research has demonstrated that
evolution exhibits with multiple components candbiective for learning (Spiegel et al., 2012;
Tare et al., 2011), especially if they are embeddedmeaningful narrative (Evans, Weiss, Lane
& Palmquist, 2015). A challenge in this projectasachieve learning through interactions with a
visualization of a large scientific dataset. Mussurmave made use of video to convey some of
the dynamic aspects of evolution (e.g. Prum, 2088yvever, while video can be engaging and
informative, visitors have limited control over theope and flow of information.

Building on Visitors’ Intuitive Understandings of Evolution

Given the challenges of conveying evolution in nuusg, one promising direction has
been to offer learning experiences that appeat tawify visitors’ intuitive or everyday
reasoning. Prior research suggests that someivateibncepts hinder understanding (Evans,
Rosengren, Lane & Price, 2012), while others mayesas a foundation for more sophisticated
understandings (Evans et al., 2010; Legare, LaBw&ns, 2013).

The idea that there can be dramatic changes inespeeer time runs counter to

children’s intuitive “essentialist” beliefs in tistability and immutability of kinds (Gelman &



Rhodes, 2012; Samarapungavan & Wiers, 1997). Ychiidgren, in particular, are likely to
argue that species remain unchanged over timewd@nthropomorphic (intentional)
reasoning, stating that organismantto change (Evans, 2000, 2001, 2013). By the middle
elementary-school years, however, children ofteptistrictedteleological explanations of
species change. That is, they endorse the ideattatismsieedto change in order to survive

in a particular environment, while simultaneousjecting anthropomorphic mechanisms of
change. This developmental shift could potentisdigffold more scientifically accurate
understandings by increasing children’s receptitatynechanisms of change that don’t involve
the intentions of individual organisms (Evans et2012; 2015). Supportive evidence for this
argument is found in studies conducted in museuntng children, youth, and adults (Evans et
al., 2010; Legare et al., 2013; Spiegel et al. 220th these studies, restricted teleological
reasoning (e.g., “the first fungugededo be protected from the second fungus”) was pasiti
correlated with an understanding of natural sedactDn the other hand, anthropomorphic
reasoning, the idea that adaptive change is iteally caused (e.g., “[the finches] had to try and
work harder, probably, to develop their beaks”)swacorrelated or negatively correlated,
depending on the measure.

Other studies have shown that the phylogeneticdisgrams used to communicate
macroevolutionary ideas can invite confusion. Pggltetic trees are core representations in the
life sciences and are used by biologists to ddmeages of species according to the
characteristics that they share with a most recemmon ancestor (Baum, Smith, & Donovan,
2005). Despite their importance, however, prioeagsh has shown that tree diagrams are
difficult for novices to understand even at thdege level (MacDonald & Wiley, 2012; Meir et

al., 2007; Novick & Catley, 2013; Phillips, NovicRatley, & Funk, 2012). For example, high



school and college students have more difficultgripreting the relationships between species
when their intuitive beliefs conflict with the imMmation depicted (Novick, Catley, & Funk,
2011). Further, the results of a recent qualitasituely revealed that high school students have
considerable difficulty reasoning about the anasstioat humans share with other species even
when these relationships are depicted diagramniigt{&eoh, Subramaniam, & Hoh, 2015).

One of the goals of this study was to help visitoeke sense of phylogenetic trees by
exploring relationships among diverse species.nidt®n of “relatedness” was therefore an
important consideration for the study. Relatedigssfundamental concept for understanding
tree diagrams (Catley, Phillips, & Novick, 2013ywever, it can elicit both intuitive (family
relationships) and more expert (tree of life) redqsg. Our interactive tree of life frames the core
idea that all living things on earth are relatedthwhe aim of clarifying and reinforcing visitors’
intuitive concepts. Furthermore, by providing evide of common ancestry, the tree of life
counters the essentialist notion that each living kas a unique essence, an acknowledged
barrier to understanding common descent (Evang);Z68lman & Rhodes, 2012; Shtulman &
Schulz, 2008).

Study Overview

In this study we were interested in the effectwf @bletop exhibit on visitor learning in
natural history museums. We were also interestéawn elements of verbal engagement and
physical interaction at the exhibit might contridtid learning outcomes. Evidence suggests that
both social and physical engagement play an importde in learning in museums (Crowley et
al., 2001; Eberbach & Crowley, 2005; Falk & Dientgir2000), but we know much less about
how they shape learning with computer-based exdipdrticularly those involving

visualizations of large scientific data sets. Teestigate these factors we recruited youth dyads,



aged 8-15 years, at two natural history museurpsitticipate in one of four conditions. In the
first two conditions, dyads interacted with diffeterersions of our tree of life exhibit on a
tabletop display for a fixed period of ten minutesthe third condition, dyads watched a ten-
minute video about evolution and the tree of Iifattaddressed topics that were similar to the
tabletop conditions. Because it was produced inaggeatly, the video used language and visual
representations that were not directly comparabtbe tabletop exhibits. However, we included
the video as a condition in the study becausegimptifies media commonly used by museums
to help visitors understand evolution (MacDonalt\8ley, 2012).

We subsequently administered a 53-item exit inesvio each participant individually
and compared the results to those of participanta & baseline control condition. We also
collected video recordings of dyad conversation @rdputer logs of touch interaction. With
this design we hoped to examine differences irtarniseéarning between the experimental and
baseline conditions. We also hoped to understamndrheasures of dyads’ verbal engagement
and physical interaction in the tabletop conditiooatributed to learning outcomes.

Learning Objectives

Our exhibit design and assessments were guideellogihg objectives related to macro-
and micro-level evolution concepts. The macro-leagicepts reflect increasingly deeper levels
of understanding of the tree of life, especially toncept that all living things are related and
that evidence for these relationships is basecared ancestral traits. Additionally, we hoped to
improve visitors’ ability to interpret phylogenetiee diagrams. The micro-level concepts
emphasize evolutionary processes that act on piqnsaover time, resulting in the tree of life
and including inheritance, variation, adaptationg aatural selection. Finally, we hoped to instill

a sense of wonder at the complexity and diversitifeoon earth. While our learning objectives



and measures concern concepts of evolution, weugethat our findings have the potential to
inform the design of other learning experiencesiving the collaborative exploration of large
scientific data sets.
Research Questions and Predictions

The current study was guided by the following tweaarch questions. RQ1: What are
the effects of exhibit condition (tabletop and \@yiand age on youth understanding of
evolution? RQ2: How do elements of verbal engagémed physical interaction with the
tabletop display contribute to learning outcomes?pAédicted that compared to the baseline
condition, both tabletop conditions would elicibetter understanding of evolutionary concepts.
We expected that the video condition would alsaltés learning gains. However, we also
hypothesized that youth would interact with onetheoless often while watching the video, and
that this, coupled with the self-directed engagdméthe tabletop conditions, might lead to
differential learning outcomes in favor of the &t exhibits.

Method

Participants

In total, 251 youth participated in the stuéi§ean Age= 11.55 yearsSD= 1.69). In all
cases dyads were siblings or friends recruited fitmersame family group. Four youth were
excluded from the analyses, three because thayadidomplete the exit interview, and one
because of a recruiting error. The remaining 128 gnd 127 boys identified as 72% Caucasian,
11% Asian American, 5% Latin American, 4% Africam@rican, 4% Mexican American, 2%
Indian, 2% Puerto Rican, and less than 1% ArabicNative American. Dyads were randomly
assigned to one of four conditions (see Table d)ilkre purpose of analysis we defined two age

groups by median split: 8-11 yeaM € 9.99;SD= 0.86) and 12-15 yearb(= 12.87;SD=



0.90). We selected these age groups because psaeieearch has indicated that 8- to 11-year
olds are beginning to grasp the concept of evalatip relationships, while older children are
exposed to these ideas in school (Evans, 2013)mEas age for each age group did not differ
significantly by condition.

Previous research has demonstrated that backgfaatwmis such as age, education, and
religious beliefs are likely to influence visitonderstanding of evolution and responsiveness to
exhibits (Evans et al., 2010; Tare et al., 20118.dbntrolled for these factors by randomly
assigning participants to condition and also bysugag them so that they could be statistically
controlled if necessary. Parenké£ 231) completed a questionnaire covering demoggaph
information including: parental educational ley@rental views of religion and evolution, such
as beliefs about evolutionary origins (from Spiegiedl., 2012); and characteristics of the youth
participants, such as the child's knowledge of @ah. There were no significant differences by
museum sitet§ -3.22 — 1.46ps > 0.05) or by conditior=s 0.02 - 7.33ps> 0.05) for these
measures, with one exception for parents of childnghe video condition, which did not bear
on our research questions (see Supplemental Taliar Setails of the measures by condition).
Materials

This study used two interactive tabletop applic&ioalledDeepTreeandFloTree We
developed these applications through an iterativegss of design and evaluation with a team of

computer scientists, learning scientists, biol@giahd museum curators (Block et al., 2012a).

DeepTree.DeepTree is an interactive visualization of tleetof life showing the
phylogenetic relationships of 70,000 species. Téggh has three major components (Figures 1

and 2). The main display area allows visitors torm@nd pan through the entire tree of life. The



tree uses a fractal layout algorithm so that bras@merge as the user zooms in. Unlike static
depictions of trees that simplify information bgnlting the number of species, the fractal design
allows for the depiction of many thousands of speevhile reducing visual complexity. The
second component is a scrolling image reel aloagitit side of the screen containing a subset
of 200 species representing important evolutiogaoyips. When an image is held, the table
highlights the species’ location in the tree antbanatically flies toward it. The final component
is arelatefeature that allows visitors to compare any twecsgs in the image reel. When
activated, the system flies to the common ancedtthre two species. Visitors can then open a
second screen that shows a simplified "trainingé wepicting the time of divergence and major
evolutionary landmarks for the two species (FigzireThese landmark points can be activated to
reveal further information about common ancestasraajor shared traits.
---- Insert Figure 3 about here -----

FloTree. FloTreeis an interactive visualization of a simulated pagian of organisms
that changes over time in response to geograpparaton and natural selection. When
launched, visitors see colorful dots representigguoisms that emerge from the bottom of the
screen and repeatedly “produce” new lines of duds $teadily grow upward. Visitors can place
their hands on the table to introduce virtual emwnental barriers that split the population of
dots into subgroups. If the hands remain in plaog kenough, the color patterns diverge into two
new populations with distinctive characteristicsp@cies”). After each simulation run the pattern
of diverging dots merges into solid branches ata (Figure 3, middle). Expandable
information bubbles explain the visualization irc@ssible language.

Video. We also included a third condition in which pagints watched a video,

Discovering the Great Tree of Lif€his video was produced by the Peabody MuseuNuatiral



History (Prum, 2008) and was chosen for its highdpction quality and the evolutionary topics
it covered. Video exhibits are also common in rethistory museums and used to explain core
evolution concepts. The video addressed all outec#related learning objectives and featured
animations, voiceovers, and interviews with promirevolutionary biologists. The video also
included a dynamic visualization of a tree of kied a segment visualizing how changes in a
population of organisms (i.e., rabbits) can resulipeciation. While it was not our primary
objective to compare the video and the tabletoplitioms directly because they differed
significantly in presentation, we do report insesa which there were significant differences in
visitor engagement or learning outcomes.
Exit interview. We conducted a 15-20 minute audio-recorded irgerwith 53 open- and
closed-ended questions to assess youths’ undeirsgamidmicroevolution and macroevolution
concepts (see Supplemental Materials). Youth weesviewed individually without access to
outside resources. For closed-ended questiond) yeere trained to use 5-point Likert scales
(with faces representing each choice). Most oitkerview items were developed specifically
for this study. The natural selection questionsanzsed on measures developed by Evans
and colleagues (Evans et al., 2010; Legare e2@l3; Spiegel et al., 2012). Other measures
were adapted from prior research on tree-reasabiidy (Novick, Catley, & Funk, 2010;
Novick, Catley, & Funk, 2011), evolutionary relateds (Phillips, Novick, & Catley, 2011), and
common ancestry (Poling & Evans, 2004).
Procedure

We recruited participants at two natural historysewms, the Harvard Museum of
Natural History (HMNH) and the Field Museum, ChioagiMNH serves around 240,000

visitors annually, while the Field Museum servesral.2 million visitors annually. Our exhibit



was installed in a hall of vertebrate paleontolagifarvard and near the entrance to the
evolution hall in the Field. At each site we retedigroups of visitors as they came into the
vicinity of our exhibit. To be eligible to particpe, visitor groups had to consist of at least one
parent or guardian and at least two youth in thgetaage range of 8-15 years old. After
obtaining informed consent, dyads were randomligaes to one of the four conditions
described below. Dyads were given a $15 gift fatipigating.

Conditions. In the first experimental condition (DeepTreeyhuth dyads engaged in an
unscripted exploration of the DeepTree for 4 mispfellowed by a forced transition to the
FloTree application for 4 minutes, and concludethwain exploration of DeepTree for an
additional 2.5 minutes. The exhibit software colieibthe transitions between the DeepTree and
FloTree. After the first four minutes of interactidhe software disabled the interface and
prompted participants to press an Experiment buttahlaunched the FloTree. A similar
transition guided visitors back to the DeepTreetherfinal 2.5 minutes. In the second
experimental condition (DeepTree Il), youth dyadgaged in a 10.5-minute unscripted
exploration of the DeepTree only. In both DeepTaeerditions, if participants had not used the
relate function after the first 90 seconds of iat¢ion, they were prompted to do so by the
exhibit. In the third experimental condition (Vigedyads watched the 10.5-minute video,
Discovering the Great Tree of Lif€he timing of the intervention was dictated bg thdeo
length, typical of museum settings. In the basatmedition, participants completed the exit
interview before gaining access to the exhibit.

Exit interview: Coding open-ended responses and cetructing measures
Participants’ open-ended explanations providedcatitnformation about their understanding of

evolutionary concepts. Responses to ten open-ejuiestions in the exit interview were



evaluated with codes (see Supplemental Table SBdoan systems used in prior research
(Catley, Phillips, & Novick, 2013; Evans et al.,120 Novick & Catley, 2012). Newly emergent
codes were also included as needed. Two reseam@ti@eed 96.7% agreement when coding a
total of 14,586 responses (Kappa = 0.681). We tlse@ main coding systems, each with a
unique set of code8iological termq11 codes) were linguistic codes assigned whegdbth
used the same or a closely associated term. Tlee cdding systems were based on the concept,
not necessarily the use of the correct tdnfarmed reasoningd codes) captured a relatively
well-informed, but in most cases far from expedwer (Evans et al., 2010). For example,
Taxonomic Relationships included statements tHateaced valid biological groupings (e.g.,
“Because dolphins are mammals...they're in the sat@gory, meaning that they'll be closely
related”). In contrasintuitive reasonind9 codes) captured visitors’ everyday reasoning,
particularly anthropomorphic or teleological conseff-or example, Need-Based Reasoning
included statements about the needs of organisigs ‘®ecause each of them had their own
specific need to live in a different environmerif. Terms and concepts used rarely (1% or less)
or considered peripheral to the main study questieere excluded from further analyses.
Individual codes were scored as 0 (absent) or dd(as least once). For example, if a
youth mentioned Relate several times in responaesingle question, they would be assigned a
score of 1 for Relate for that question. For easdstjon, youth responses were scored on a 0-1
scale for each of the 28 codes, which were theraged across all ten questions. We combined
and averaged subsets of these codes to createregasevolutionary reasoning. Table 2 shows
only those codes used in the measures while SuppkaiTable S2 shows the complete coding

system. A summary of the interview protocol is gisovided in supplemental materials.



Tree of life measuresTo assess tree of life reasoning we constructecgumnes: of
participant use ofree TermgTerms: Ancestry, Branches, Relate) dinde Concept§Concepts:
Branching Patterns, Common Descent, Shared Thatgnomic Relationships), in response to
the ten open-ended questions (see Table 2). Iti@aadio assess youths’ initial responses, the
first open-ended question asked “What [is] the tklde all about?” Therefore we report
participants’ use ofree TermandTree Concepts response to this single question. Further, as
the concepts of relationship and connectedness hypiethesized to be intuitive concepts
associated with tree-of-life reasoning, we consédi@ measure of the use of Relate Term
and its morphological variants and the use ofGbanectedness Concegqtross the same ten
open-ended questions. For the latter code, we callegsponses that referred to species being
“connected” without explicit reference to the degof relatedness between species (e.g., The
tree of life shows “how they are all attached toheather”).

Participants were also asked to interpret a trdiéeofraphic with three closed-ended
guestionsTree Reading For each question, youth identified the spettias have traits in
common (e.g., “Point to the living things that habackbone”). Accuracy on each of the three
guestions was averaged to produce a mean compgosite of 0-1 (Alpha: 0.76). Finally,
participants were asked to indicate their agreerfiebtscale) with five closed-ended questions
related tocCommon Ancestrfadapted from Poling & Evans, 2004), each of witichveyed the
idea that different kinds of organisms share ancgge.g., “Some kids said that bears and
sunflowers had the same ancestor a long, longdgoe Do you agree or disagree with them?”).
The mean score across the five questions yielde8 aomposite score (Alpha: 0.81).

Evolution process (EP) measureslo assess evolution process reasoning, we coded

each participant’s use &volution Process Tern{&daptation, Gene, Separate, Time) and



Evolution Process ConcepiBifferential Reproduction, Differential Survivdtnvironmental
Pressures, Inheritance,) in response to the sammtn-ended questions (see Table 2). We also
coded participants’ use of intuitieed-Based Reasoning

For the closed-ended measures, participants iredicaeir agreement (1-5 scale) with
five statements that evolution is an ongoing pre@sgoing Evolution1-5 scale; Alpha: 0.70).
Participants were also presented with four evotugitocess scenarios, each of which yielded
four closed-ended statements and one of the tamepaded questions. The statements assessed
youth informed and intuitive reasoning about evioluprocesses. Each EP closed-ended
composite consisted of the averaged agreement gcérecale) across the four statements, one
for each scenario. For example, Keitural Selection Agreemeryouth presented with the
Canary Island Lizard scenario were first asked@emeended question, “[...] How did it happen
that there were so many brown-colored lizards ersdndy shores of the island?” Then they
were asked how much they agreed with the staterfien}:ithe seabirds ate the colorful lizards;
the brown lizards lived and they had babies thaitdd like them.” This kind of explanation was
repeated for all scenarios.

These composite scores across the four scenaelolegimeasures dEvolution
AgreementAlpha 0.78);Natural Selection Agreemefalpha: 0.53; Mc: 0.22);Need-Based
Agreement3 items -Alpha: 0.51; I: 0.27);Want-Based Disagreemef#lpha: 0.64; Mc:
0.32);Design-Based Disagreemdtipha: 0.90). As scales with fewer than 10 itesften have
low alpha values, we also report the mean inten-iterrelation (Mc: optimal range .2 to .4) for
those measures with alphas below 0.70. The lameasured)Vant-Based Disagreemead

Design-Based Disagreemenere intended to assess intentional or anthroppihnoreasoning.



Physical interaction measuresFor our second research question, we analyzed the
relationship between dyads’ physical interactiothvtie tabletop exhibit and several learning
outcomes. These measures were derived from ansaafycomputer logs of participants’ touch
interactions with the tabletop. Seven touch logeewmavailable due to network connections
problems. Because the touch sensing technology cmildifferentiate touches of individual
participants (and because video recordings of ylad dessions did not consistently include
faces), these measures applied to the dyad asla.vitnéotal we had touch data for 54 dyads.
We constructed one measure of dyads’ overall tintelaction with the exhibifTotal Touches
This measure was a summation all touch-input evamtbe tabletop recorded by our event
logging systemNl = 116.61 SD= 46.79;Range= 42-221). We also recorded dyads’ use of three
key exhibit features. First we recorded the nunabéimes dyads used the relate function to
compare two specieRelates Activate@M = 2.67,SD= 2.0,Range= 0-10). Second, we
recorded the number of times dyads then openesinti@ified “training tree” shown in Figure
2: Training Trees Activate(M = 3.00,SD= 2.1,Range= 0-9). Finally, from the training tree,
dyads could tap on glowing double helix icons tees# more information about important
evolutionary landmarksfraits ActivatedM = 5.61,SD= 4.88,Range= 0-17). When tapped, the
software would display text, images, and, in soases, short video clips.

Verbal engagement (conversation)For the second research question, we also amblyze
dyads’ verbal engagement as they interacted wéhahletop exhibit. To measure verbal
engagement we analyzed dyad conversation usingathgcripts of discussion at the tabletop.
We used a computer script to count occurrencesdifidual words in the transcripts grouped by
the morphological stem related to a specific keyoept. We then examined all words used at

least ten times across all of the dyad sessions@aded several categories (including the total



number of words). In creating these categoriesosaded on key evolutionary or biological

terms related to our learning outcomes as thesssiply signaled engagement with the material.

We also included affect words, reasoning that tneflected deeper or more enjoyable levels of

engagement and potentially better learning outcodgain, because we could not distinguish

individual speakers from the session transcripessé measures applied to the dyad as a group.

We constructed the following five measures basedwrword categories.

(1) Total Words Mean: 406.928D =289.11,Range= 17-989)

(2) Affect WordsMean: 7.61$D= 7.74,Range= 0-31); (love, cute, pretty, wow, cool, etc.)

(3) Tree of Life WordsMean: 16.2$%D =15.32,Range= 0-62); (tree, relate, population, etc.)

(4) Animal WordsMean: 9.33%D =8.61,Range= 0-30); (cat, shark, banana, human, etc.)

(5) Trait Words Mean: 2.76 $D =3.82,Range= 0-17); (eukaryotes, nuclei, DNA, cells, etc.)
Results

The results will be reported in two sections, eadtiressing a different research question.
RQ1: What are the effects of condition and age orarning outcomes?

To answer the first research question we conduetedvay ANOVAs on the learning
outcomes, with condition (4: DeepTree |, DeepTig¥ideo, and Baseline) and age group (2:
Young, Old) as factors. Tukey post-hoc tests weeslio evaluate the effects of condition
Effect sizes were estimated using partial eta sgljarhich can be interpreted as: small .01-.05,

medium .06-.137, or large 0.138 and higher (Coh888).

! Two alternative analyses were also conductedvesiigate the age effects: (1) Using
ANCOVAs, with age as a continuous covariate, weckbd whether the age effect was
underestimated in the ANOVAs (2) Using linear mixaddels to account for possible non-
independent age data for dyads in the tabletopitonsl. As the results were essentially the
same as those for the ANOVAs, we used the lattallysis as it was easier to present the age-
group results (in RQ2, age effects in the tablectmpditions were evaluated using linear mixed
models).



Tree of life results Overall, for tree of life reasoning, results &irmeasures were
similar. The DeepTree Il condition and, to a lessdent, the DeepTree | condition, elicited
scores that were significantly higher than baseglsee Table 3). There were main effects of age
and condition, but no interactions, an indicatioattboth age groups made learning gains.

For the first open-ended question ("What is the tElife all about?"), the use dfee
Termswas significantly higher for participants in botle&pTree c:onditionsng2 =.11), with no
effect of age and no significant interaction (sebl€& 3 for means, standard deviatidasests,
andp values). Likewise, fofree Conceptthere was a significant effect of condition,z(: .05),
but, in this case, DeepTree Il was the only coadisiignificantly different from baseline.

Overall, across the ten open-ended questions tese significant main effect of
condition for theRelate Tern{s,” = .06), Tree Terms,° = .07) andTree Concept§7,” = .04),
with participants in both DeepTree conditions stgsignificantly higher than the baseline in all
but one case (see Table 3). There was no effagefor theRelate Tem(fyp2 =.01), but there
were significant effects of age and no interactiomSree Term$/7p2 = .03) andlree Concepts
(/7p2 = .04). ForTree Termsparticipant responses in the DeepTree Il conaivere also
significantly different from those in the Video abtion (p = .005). For th&€€onnectedness
Concepta marginal main effect was found for conditi&(3, 239) = 2.48p = .062,/7p2 =.03.

In this case only, youth in the Video condition eergnificantly more likely to use this concept
than those in the DeepTree | condition; there werether condition effects, but there was a
significant effect of age, with older children maitesly to endorse connectedness (See Table 3).

A similar pattern was apparent for the closed-endedsures. F&ECommon Ancestry

there was a main effect of conditiomf( =.04) and ager;()z = .06) and no significant interaction.

Both DeepTree conditions were significantly differ&om baseline (but not from each other),



with DeepTree Il also significantly different frotine Video conditiong{ = .005). ForTree
Reading there were main effects for conditioyb2(= .04) and age%2 =.18), with older
participants and those in the DeepTree Il condigierforming at a significantly higher level.

The overall pattern for the condition effect wadesar finding that participants in
DeepTree Il consistently scored at higher levatsnjzared to baseline) on the closed-ended
measures and were more likely to use tree termgamekpts in their explanations, regardless of
age. Although DeepTree | was less effective ovécalinpared to baseline) for tlieee Reading
measure and for elicitingree Conceptst was similarly effective at eliciting evolutiary terms
and higheCommon Ancestrggreement scores. The Video condition consistetittited higher
scores compared to the baseline, but the differeweee not significant (see Table 3).

The main effects of age were driven by older yautio consistently performed at a
higher level than younger youth on all the main soe@s. Two deviations from this pattern were
found forRelate Ternand responses to the initial question (“What ésttiee of life all about?”)
where there were no significant age-related diffees. This finding suggests that while younger
participants were able to use the knowledge theyedarom the tabletop interactions to respond
to the first tree of life question, it was the algeuth who were better able to extend this
knowledge effectively across all ten questionaldb suggests that relatedness, but not
connectedness, may be a bridging concept enabuity yo make links between intuitive and
more informed reasoning.

Evolution process resultsIn contrast to the tree of life measures, forleton process
(EP) reasoning there were main effects of age buhain effects for condition with no
significant interactions (see Table 4). For the@infed reasoning measuré&volution Process

Terms(77,° = .05),Evolution Process Concepfg,” = .05),0ngoing Evolutior(7,> = .07),



Natural Selection Agreeme(r]zp2 =.02), ancEvolution Agreemerﬂz]p2 = .05), older youth
performed at significantly higher levels.

Similarly, for the intuitive reasoning conceptsritheere no effects of condition. For the
open-ended questions, older youth were more litkelpy younger youth to uséeed-Based
Reasoning(qu = .03). Likewise, on the closed-ended questiongsache four scenarios, older
youth were more likely to endorseeed-Based Agreeme(mﬁ[,2 =.02),Design-Based
Disagreemenmp2 =.02), andVant-Based Disagreeme(nup2 =.04) (see Table 4). This age-
related pattern of endorsements for the intuitimecepts is consistent with prior research
(Legare, Lane, & Evans, 2013; Spiegel et al., 2012)

One possible reason for the lack of a significdfeice of condition for the evolution
process reasoning overall may have been that thsures themselves did not have good
construct validity. Theoretically, all five inforrdesvolution process measures should be
positively correlated with: one anothes € .18-.38ps <.01), ageré = .14-.31ps <.05), the tree
of life measuresCommon AncestrgndTree Readindrs = .18-.47ps <.01),Need-Based
Agreemenfrs = .17-.45ps <.01),Design-Based Disagreemgns = .14-.25ps <.05), and
Want-Based Disagreemefns = .13-.23ps <.01)? Although there was variation in the strength
of the correlations, this pattern of relationshgsonsistent with the argument that these
variables were assessing participants’ understgrafievolutionary processes.

RQ2: How do verbal engagement and physical interaidn contribute to learning outcomes

in the tabletop (DeepTree) conditions?

2 Exceptions to this pattern were the non-significanrelations betweeNatural Selection
Agreemenaind (1)Want and (2)Design-Based Disagreemettiese occurred because of
interactions with age-group, assessments of whielbayond the scope of this paper.



The second research question focused on featusesitif engagement that were likely
to explain the learning outcomes for our tree fef theasures. For this question we focused
exclusively on the tabletop conditions becausdgpants could not physically interact with the
video and because we assumed that participantispe#ee Video condition would be very
limited. One reason for this assumption is thatthuti-touch tabletop interface often requires
dyads to negotiate their exploration of the contpatticularly when they have conflicting ideas
about what to do. In contrast, we believed thawthieeover narrative in the Video condition
would allow for less discussion. To verify this asgtion, we transcribed the video recordings
of the dyad discussion in the three experimentatlitmns. Due to background noise in the
museum environment, the audio was not of sufficigratlity to produce a transcript in all cases.
In total we transcribed 83 of 93 sessions (27 ohdeepTree I; 29 of 31 in DeepTree II; and
27 of 32 in the Video condition). When participanices were not clear enough, we used an
inaudiblemarker in the transcripts. As described earliena$s not possible to individuate the
conversation because the video recordings didInatya include the faces of the participants.
As an approximation of the overall level of verlvdéraction, we counted the number of words
spoken by both participants. Inaudible segmente weunted as one word. On average dyads in
DeepTree | spoke 444.85 words per sess&in+ 227.32), while dyads in the DeepTree Il spoke
434.83 words per sessioB) = 290.56). Three dyads across both tabletop dondidid not
speak at all during their entire sessions. In @mtfrdyads in the Video condition spoke an
average of 6.96 words per sessiBDE 14.60), only 1.6% of the words spoken by partaits
in the tabletop conditions. Notably, 20 dyads & Yhdeo condition did not speak at all.

Having established that verbal exchanges were nainimthe Video condition (in

comparison to DeepTree | and DeepTree Il), we fedwmir attention on the tabletop conditions



and the relationship between measures of verbagamgent, physical interaction, and learning
outcomes from the exit interview. Because the tveeree conditions did not differ
significantly from one another in RQ1, we combirleelir data for these analyses. We first report
correlations between our verbal and physical measamnd the learning outcomes. This is
followed by series of analyses using Linear Mixedddls in which we examined the individual
contributions of physical and verbal engagemetiéadifferent learning outcomes. Age and
family background were also included in the moda&lthough the latter variables did not differ
significantly between conditions, they were likedycontribute to learning outcomes within a
condition.

Correlation between verbal and physical measures ahearning outcomesWe first
related our measures of physical interaction (desdrin the Procedure section) to four key
learning outcome measures for which there wereistama significant effects of condition in
RQ1 (see Table 3). For the two of the measiesymon AncestrgndTree Readingthere were
strong effects of age as well. From the open-emaegasures, we selectBelate Ternbecause
there was no main effect of age, suggesting thaflécted a more basic understanding of tree
reasoning accessible to both age groups; on tlez bnd,Tree Conceptslicited a strong effect
for age, suggesting, in turn, that it reflecteceager level of understanding. This analysis
allowed us to explore the relationship between aggagement, and levels of evolutionary
reasoning, a necessary first step in the construct a developmental learning trajectory.

As can be seen in Table 5 (upper half), for thesuess of physical interaction youth
who more often activated the relate, training tesg] trait functions in the tabletop exhibit were
more likely to use thRelate Termn the open-ended questions and achieve higheeson

Tree Readingn the subsequent exit interview. AdditionalRglates Activatedas significantly



correlated witfCommon Ancestrylhere was no significant correlation betw@&eral Touches
and any learning outcome. Further, none of theipllymiteraction measures were correlated
with the use offree Concepti the exit interview.

The correlations between these measures of vemgalgement (described in the
Procedure section) and the same four outcome me=aglamble 5, lower half) demonstrate a
consistent pattern. There were positive correlatimetween use of particular content-related
words in dyad conversation and most of the subsgdearning outcomes. Most notably, the
moreAffect Wordsused during the exhibit interaction, the morellik@uth were to score at
higher levels on all four learning outcomes.

Relationship between verbal and physical measureAs we expected, there were
significant correlations between our measures g§ighl interaction and verbal engagement.
This indicates that conversation and physical atitm of the content went hand-in-hand.
Specifically,Relates Activated/as positively correlated withffect Wordgr = 25,p = .018) and
Animal Wordqr = 34,p = .001);Traits Activatedvas positively correlated withnimal Words
(r = 30,p =.001) andrrait Words(r = 23,p = .028); andlotal Touchesvas positively
correlated withAffect Wordgr = 21,p = .049).

Although there were positive relationships betwi#enphysical and verbal measures, the
pattern of correlations suggested that they cautiedbto learning outcomes in different ways.
For exampleCommon Ancestrggreement was significantly correlated with altred measures
of verbal engagement, but only one measure of palysiteractionRelates Activated'ree
Reading on the other hand, was positively correlated whiththree key measures of physical

interaction, but with only one verbal engagemenasoee Affect Words



Linear mixed models.To understand the contribution of our engagemezasures to
learning outcomes, in our final analysis we useddr mixed models (LMMs). Our models
focused on the effects of verbal engagement ansligadyinteraction on the four overall outcome
measures as well as on two outcome measures f@firshopen-ended question (see Table 3).
In each of these analyses we used LMM with a raneffect per dyad, to take into account the
correlation among measures for individuals wittie tlyad. All other variables were entered as
fixed effects. It should be noted that for LMM aysads there is no commonly accepted
assessment of the overall variance explained byntiael (Nezlek, 2008); however, as it is the
individual contributions of each predictor thabfgnterest in this study, those statistics will be
reported.

The key question addressed with these analyselsather the physical and verbal
measures elicited different learning outcomes. Weeviurther interested in whether the
significant correlations between measures of dyadgagement and learning outcomes
(reported above) were a reflection of age, priamvidedge, or family background of participants.
In other words, were more knowledgeable youth rlikedy to find the exhibit engaging and
thus more likely to do well on the learning meas@r®r, did higher levels of youth engagement
elicit better learning outcomes independent of katmackground?

To assess these questions, we used parents’ enmmisef evolutionary origins (see
Table S1) as an indicator of family background.sTineasure resembled the content of the
learning outcomes and was positively correlateth wiher relevant parent variables including
parental rating of the importance of evolutiongorentists/selfr(= .60,p = <.001) and parent
education levelr(= .36,p = <.001). Parental rating of youth evolution knosde was used as a

proxy measure of youth prior knowledge. This measueis positively correlated with all four



learning outcomes'§ .14-.20ps< .05). Thus, for each of the following analysesimetuded
youth age, parent endorsement of evolutionary msigtarent Belief, and youth evolution
knowledge Youth Knowledgeas predictors, along with the most highly colefameasures of
physical and/or verbal engagement for each of thie hearning outcomes (see Table 5). Here
we present the LMM analysis for each learning ounen

Relate terms used. Youth ageParent Belief Youth KnowledgeAnimal WordsandRelates
Activatedwere included in the model f&elate TermsSignificant effects independent of the
other variables were found fénimal WordgqEst.0.003,SE.001,df 43.7,t = 2.23,p = .031),
Relates Activate¢Est.0.02,SE.006,df 53.2,t = 2.65,p = .010), andParent Belief(Est.0.2,SE
.01,df46.13,t = 2.08,p = .043).

Common ancestry. Youth ageParent Belief Youth KnowledgeAffect WordsTrait Words and
Relates Activatediere included in the model f@ommon Ancestry Agreeme8ignificant
effects independent of the other variables weraddor Affect WordgEst.0.03,SE.01,df 45.2,
t=2.39,p =.021) andlrait Words(Est.0.07,SE.03,df 44.5,t = 2.43,p = .019). A marginal
effect was found for youth age as wélk(.0.11,SE.06,df 82.27,t = 1.94,p = .056).

Tree concepts. Youth ageParent BeliefYouth KnowledgeAffect WordsandTraits Activated
were included in the model fd@iree ConceptsSignificant effects independent of the other
variables were found for youth age onfys{.0.08,SE.003,df 78.7,t = 2.32,p = .023).
Treereading. Youth ageParent Belief Youth KnowledgeAffect WordsandTraits Activated
were included in the model fdiree Readingccuracy. Significant effects independent of the
other variables were found for age orfis{.0.08,SE.02,df 84,t = 3.26,p = .002).

What isthetree of lifeall about? LMMs for the two measures used to assess youtlonsgs to

the first open-ended question about the tree efWiére included because they offered insights



into the immediate effects of the exhibit. Thee TermandTree Conceptfound in youth
explanations for the opening question were sigaifity correlated witlRelates Activatefts
0.29,ps=.003) in the DeepTree exhibit and fhait Wordsin dyads’ conversatiomg 0.19-
0.24,ps= <.05). Youth ageRarent BeliefYouth Knowledgelrait Words andRelates Activated
were included in the models for the two outcomesuin: (1) ForTree Termssignificant effects
independent of the other variables were foundRelates Activate(Est.0.26,SE.01,df 47.8,t

= 2.56,p = .014),Trait Words(Est.0.12,SE.005,df 41.57,t = 2.12,p = .040), andParent Belief
(Est.0.4,SE.02,df 42.95,t = 2.20,p = .033); (2) FoiTree Conceptssignificant effects
independent of the other variables were foundRielates Activate(Est.0.01,SE.005,df 50.2,t
=2.21,p=.032) and a marginal effect forait Words(Est.0.05,SE.003,df 43.8,t =1.87,p =
.068).

Overall, the LMMs demonstrate that measures ofalexbgagement and physical
interaction explain variance in the learning outesrmdependent of one another and
independent of prior knowledge and parent acceptahevolution. It should be noted, however,
that age was the main independent predictor ofamtoomesTree Readingccuracy andree
Conceptdound in youth responses to the ten open-endestiqus. For these two outcomes,
older youth were more likely to benefit from thehibit interaction, regardless of family
background. However, measures of engagement ddiicpiher learning outcomes, regardless
of age and family background. Specifically, activatof the relate function on the tabletop and
the use of animal words in dyad conversation ptedithe frequency dRkelate Term# the
overall explanations. Similarly, activation of tredate function and use of trait words in dyad
conversation predicted the frequencyfode TermsandTree Concepts response to the first

open-ended question. Moreover, the frequency dfaral affect words in the dyad conversation



predicted the likelihood that youth would endotse tather abstract concept@dmmon
Ancestry
Discussion

The popularity of interactive surfaces in museuias ¢reated unique opportunities for
visitors to “touch” and explore large scientifictdsets. Beyond reflecting the increasingly
computational nature of science, such experien@gsaneate new opportunities for learning.
While we know that large evolution exhibitions wittultiple interactive components can
provide effective learning experiences (Evans .eR8éll5; Spiegel et al., 2012; Tare et al., 2011),
the current study addressed whether learning oaow@a drief interaction with a dynamic
visualization of the tree of life including over,D00 species. We were also interested in
understanding how different features of physictdraction and verbal engagement contributed
to visitor learning with the multi-touch tabletop.

Ouir first research question focused on the effefcexhibit condition and age on youth
understanding of evolution concepts. The DeepToaditions engaged youth dyads in the
exploration of a large interactive phylogenetietréhe DeepTree | condition also included an
embedded activity on evolutionary processes cdlledree. The Video condition, meanwhile,
consisted of a video of the same length on sineNaiution concepts. Outcomes were compared
to those of youth in a baseline condition with ntervention. The overall pattern of our results
comparing conditions was very clear. Youth in treePTree conditions (and DeepTree Il, in
particular) consistently scored at higher levetmtiiouth in the baseline condition on both open
and closed-ended measures of shared ancestry, coaesoent, and the tree of life.
Specifically, youth in the DeepTree conditions waignificantly more likely to invoke tree of

life concepts and terminology in their open-endesponses. These subjects were also



significantly more likely to correctly interpretdnylogenetic tree diagram and endorse ideas of
common ancestry in closed-ended items. Surprisirgbrief, open-ended museum experience
yielded consistent learning outcomes about phylpgeicomplex and difficult science concept.
Furthermore, there were significant main effectage for many of our measures. Older youth
demonstrated a more consistent and informed uraatelisig of evolution than younger youth,
with the exception of basic concepts of relatednebgch were the same for both groups.

Our study design also included a Video conditioa &gy to represent a typical learning
experience that visitors might encounter at a mhtustory museum. Our results show that while
there were positive trends across many of our rmeagar the Video condition, almost none of
the learning gains were significant with respedh®baseline. Notably, apart from
connectedness, the expert language used by tregararin the video did not seem to elicit
significant comparable language in the youth exgtians. Participation in the tabletop
conditions, in contrast, was associated with arege in evolutionary language and concepts.

Although the current study focused heavily on yawtlderstanding of macroevolutionary
concepts, the FloTree component of the DeepTreaditon addressed microevolutionary
processes as well. Counter to our predictionsfFib&ree application did not facilitate youth
understanding of processes such as differentighalrand differential reproduction. One
possible explanation is that the forced transitmfloTree may have distracted participants
while shortening the overall exposure to the irdlinal components. However, the animated
portrayal of natural selection in the Video coraiitwas also unsuccessful in this regard.
Understanding Contributions of Verbal Engagement ad Physical Interaction

In our second research question we investigatedftbets of verbal engagement and

physical interaction on youth learning in the tatyeconditions (DeepTree | and DeepTree II).



Using video transcripts and computer logs, we canstd several measures of physical
interaction with the tabletop and verbal interacti@tween participants. We then examined
correlations between these measures of engagemz i@ key learning outcomes. These
analyses revealed significant relationships. Ehenagh our physical and verbal measures were
inter-correlated, the pattern of relationships ssggd that they contributed to learning outcomes
in different ways. Optimal learning outcomes ocedrwhen youth dyads both activated relevant
exhibit functions and conversed about the speeKgerience. This pattern was confirmed
through the use of linear mixed models. These nsadelicated that several measures of
engagement specifically predicted higher learnimig@mes for our tree of life measures. In
particular, youth who activated the relate functiwore frequently were more likely to use the
relate term in their responses to open-ended quesséind to use tree terms and tree concepts in
their response to the first open-ended questictmerree of life. Moreover, dyads whose
conversation included higher numbers of affectt@ait words were more likely to endorse the
idea that diverse species have an ancestor in comKuaiably these relationships held even
when controlling for family background, youth aged prior knowledge. These results also
highlight the fact that the overall level of verlesgagement (total number of words spoken) and
the overall level of physical interaction (totalmiber of touches) were not the best predictors of
learning. Rather, learning depended on the spsafieshatyouth were saying arftbw they

used the table. Moreover, affect words (suctvas, coolandhah) were significantly correlated
with all of the learning measures we considered. Our messfirrngagement do not address
more nuanced elements of dyadic interaction ancedhaeaning making. However, we have
conducted a detailed qualitative analysis of ird&oa and learning based on video recordings of

ten dyads from this study, which is the focus afther paper (Davis et al., 2015).



Towards a Developmental Learning Trajectory

Our age-related findings also offer insight inte ttoncept of a developmental learning
trajectory for understanding common descent. Yautioth age groups benefitted from
interacting with DeepTree, indicating that the é&xhivas successful for different levels of prior
knowledge. Moreover, the age-related patterns stigdea learning trajectory for the acquisition
of tree-of-life concepts, from relatedness, to stlancestry, to more complex tree concepts.

Activation of the relate function in the exhibitdaase of “animal terms” in the
conversation were associated with an increasedrstagheling of evolutionary relationships in
the exit interview, for both age groups. Moreovkere were no significant age-related
differences in youth use of the relate term. Is ttase, youth appeared to be relying both on
intuitive notions of family relatedness (e.g., tree of life is about “how you’re related to
someone’s family” 10-year-old #571b) as well as enexpert explanations of evolutionary
relatedness (e.g., the tree of life is about “hbings relate... like billions of years ago...it
shows how, like, bananas and squids...how they vikgéind of the same, once” 12-year-old
#556a). These data suggest that reasoning aboily fatationships may facilitate rather than
impede youth’s interpretation and understandingoohmon descent. Older youth, though, were
better at decoding these relationships in thedfdiée graphic and employing more complex tree
concepts, such as branching patterns and share ima&heir explanations in the exit interview.

This pattern for the relatedness concept is cadistith prior research suggesting that
intuitive reasoning patterns are not necessariéyndbned or “overcome” as students acquire
evolutionary constructs. Rather, they may provideuadation for a more scientifically accurate
understanding (Evans et al., 2012). For exampltigstudy in contrast to their younger

siblings, older youth were more likely to incorperaeed-based reasoning (e.g., “because the



different kinds [of anoles] need to adapt to tlufilerent environments” 14-year-old #122b) in
their responses, while rejecting the anthropomarpRkplanations (e.g., The lizards changed over
time because “they don't like to get eaten” 11-yeldr#559b). Moreover, in contrast to
anthropomorphic reasoning, need-based reasoningoesisvely associated with the

evolutionary process learning outcomes. Theserfgslbolster the argument that need-based
reasoning can potentially provide a foundationgfonore sophisticated understanding of
microevolution, if it is disassociated from anthooporphic concepts (Legare et al., 2013;
Spiegel et al., 2012).

This kind of logic could also be applied to essaidi reasoning. Perhaps essentialism is
not necessarily the barrier to macroevolutionaagoaing that prior research has claimed
(Gelman & Rhodes, 2012; Shtulman & Schulz, 200§)a&ivating the relate function and
conversing about species and their shared traitghywere repeatedly exposed to the idea that
diverse species are related. Such youth were nik&lg to endorse the idea of common ancestry.
We propose that these youth generalized their @irofe“essence,” from its original application
to a single species or kind, to all living thinG8\A now represents the “essence” of our shared

evolutionary heritage, the family of all living tigs on earth.

Limitations .

There were limitations of this study that shouldddesn into account when interpreting
these results. Foremost, we assessed only shortg¢arning outcomes immediately following
the intervention. While we acknowledge this asrattion, we point out that establishing short-
term learning gains is a crucial first step. Funti@re, the prevalence of affect words in

participant speech gives us some hope that lomg-geins in youth understanding are feasible.



Research on the neurobiology of memory, for exampticates that emotionally arousing
stimuli are more likely to be consolidated and presd over the long term (McGaugh, 2006).
We also note that there were limits to the ecoklalgralidity of our design. In particular, youth
were recruited, video recorded, and asked to maatie with a sibling or friend for a fixed period
of time, all of which are known to affect particigdbehavior (Block et al., 2015). However,
some degree of control was necessary for us teatoi-depth data on engagement and to
establish statistically significant differencesdi®n youth age and condition. Based on
naturalistic observations conducted as part ohansative evaluation of the exhibit, we found
that active and prolonged periods of engagemerg wet uncommon among dyads or visitor
family groups, suggesting that our experimentalgéiad some correspondence to the types of
engagement we might expect to see more informabide DeepTree exhibit (Block et al.,
2015). Finally, our sample reflects audiences tytally attend natural history museums in
that most participant families were well educated aot necessarily representative of the
broader population (Korn, 1995).
Implications

Taken together, these findings suggest importaplicgations for the design of exhibits
featuring visualizations of large scientific datas&@he most obvious implication is to provide
adequate support for social interaction. Largerauve surfaces such as multi-touch tabletops
can be effective for encouraging simultaneous ysaddtiple visitors, but this does not imply
that visitors will interact or work together in phactive ways. In fact, conflict, interference, and
confusion are more likely outcomes in the absefoam@ful design and testing. Given the level

of verbal engagement that we observed and itsipegiontribution to learning outcomes, we



believe that promoting effective social interactiwarrants special attention in the design
process.

A second implication relates to self-directed emgagnt. Through our iterative design
work we found that it was important to provide t0s$ with the opportunity for open-ended
exploration with the support of “gentle guidancefumphrey & Gutwill, 2005) built into the
interaction. Along these lines, including small amts of video or expository text seemed
valuable provided that they did not interfere witkitors’ sense of control. The forced transition
to the FloTree in the first tabletop condition seeinn retrospect, counterproductive to learning.
In this case, participants were presented witlghlhiinteractive experience, yet in the absence
of sufficient guidance were unable to interpretrtieroevolutionary processes displayed. Video
of participants in this condition showed that tbecéd transitions were often confusing,
interrupting otherwise productive sessions.

A third implication derives from the significantfe€t of the built-in relate function on the
learning outcomes. DeepTree gives visitors thetald repeatedly compare species across the
span of all domains of life on Earth. This providexices with an intuitive stepping stone from
which to transition from an everyday understandihfyelationships” toward thecientific
concept of evolutionary relatedness. Our resutigate that such scaffolding, in the form of
repeated use of the relate function, contributetiécsuccessful learning experiences. Similar
intuitive conceptual mappings will likely apply tbher scientific disciplines.

The final implication is that interactive visualimns of large scientific datasets hold
promise for promoting learning about complex sogeoancepts in museums. These exhibits can
be useful as a way for natural history museumefleat the changing nature of scientific

inquiry, an endeavor that increasingly relies agdadata sets and computational tools and



methods. But they can also be used to create rm ©f learning experiences for visitors. In
sum, while our learning objectives and measuresermed concepts of evolution and
biodiversity, we believe that our findings makeoanpelling case that such experiences are
worthy of further study across a broader arraycadrece concepts.
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