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Abstract

Il n this study, we claimustiScationgacertaintyualifier, andu dent s
conditions of rebuttatontribute to the measurement of their overall sdiergrgumentation
ability. We designed six sets of itemaslated to climate change and the search for life on other
planets. The items were administered to 956 studeaghtby 12 middle and high school
teachers in the Northeastern United States. Rasalysis resultbased on the Partial Credit
Modelindicatethat (1)s t udent s 0 r e sgumendaBos eleamentsan lbd intefrpoeted
on a single scalé€?) higher scientific argumentation abilities are needed in the order of
uncertainty qualifie claim, justification, and conditions of rebuttad the scientific
argumentation scale, (B)stification and conditions of rebuttal items measure a wider range of
the scientific argumentation scale than claim and uncertainty itenstu@#ntsvho male a
single warrant are more likely to think about conditions of rebuttal within the context of
investigation, and (5) students who make two or more warrants are more likely to consider
conditions of rebuttal beyond the context of investigation. We dishase results teefine
Toul mi n épsovide eeommendations for designing and implementing large scale
assessmenandsuggest future research directions.

Key words: Scientific argumentation, construct modeling, Rasch Analysis
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Introduction

Tomakesci ence | earning authentic to scienti st
everyday lives, scientific inquiry has been advocated (National Research CouncilS¢B@ab,
1962. The process of scientific inquiry starts with a driving question, engitiesn
investigation, and concludes with a claim based on evidence collected from the investigation
(Koslowski, 1996; Latour & Woolgar, 1985). Since the culminating step in scientific inquiry is
communicating with others about findings from an invesoggiBricker & Bell, 2008)
scientific argumentation has been considered a critical element of Hxpged science
curriculum, instruction, assessment, professional development, and learning environment
(Berland & McNeill, 2010; Duschl & Osborne, 2002u$zhl, Schweingruber, & Shouse, 2007,
JimenezAleixandre, Rodriguez, Duschl, 19%uhn, 1993Lawson, 2003; McDonald, 2010;
McNeill & Pimentel, 2010 errick, 2000;ZembaiSaul, 2009; Zohar & Nemet, 2002). As a
result, research on scientific argumentatias surged in the last decade (Lee, Wu, & Chali,
2008), leading to numerous frameworks to analyze rhetorical and dialogic arguments generated
in the science classroom (Clark, Sampson, Weinberger, & Erkens, 2007; Sampson & Clark,
2008).

Scientific argumentson consists of claim and justification and can happen in either
rhetorical or dialogic form. Toulmin (1958) specified that a rhetorical argument may include up
to six elements such as claim, data, warrant, backing, modal qualifier, and conditiongtaf. rebu
Guided by Toul minés classification, science e
scientific arguments in studentsd essays (Kel
Osborne, 2004), tests (Zohar & Nemet, 2002), classroomuttse¢Chin & Osborne, 2010;
Hogan, Nastasi, & Pressley, 206Qjhn, 2010; McNeill & Pimentel, 2010), and online discourse

(Sampson & Clark, 2009). In these studies, claim, data as evidence, and warrant and backing as
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justification were the most consistgnanalyzed argument elements. Modal qualifiers and
conditions of rebuttal were lesgstematicallystudied in part because they did not frequently
occur in studentso natwuralistic discourse or
Neuman, dlia, & Llya, 2003).The few studies that investigated these two elements focused on
dialogic discourse involving multiple parties defending different claims (Kuhn, Shaw, & Felton,
1997). In that context, conditions of rebuttal wesasidered as qualifisf(Clark et al.2007)
and rebuttals as counterarguments (Erduran et al., 2004; Means & Voss, 1996). Modal qualifiers
that Toul min (1958) defined as Athe strength
Anecessarily, o Afr equwamgdyoyerookedvandhougliee st | i kel
scientific claims and justifications are made with absolute certainty due to incomplete or
insensitive measurements, limitations in current theory or modetanglexity involved in
phenomena under investigationnf&ican Association for théddvancement oscience 1993).

Though a lot of attention has been paid to identifying student performance levels on
studentgenerated arguments, the use of the currently available arfedytieworksat the large
scale is limitedFor the large scale assessment purpose, a more parsimonious construct is needed
because it is ndeasibleto compare students separately on claim, justification, qualifier, and
conditions of rebuttal in state or national testing. Most analytical franksvemabled researchers
to tally frequencies in each argument element. Occasionally, scores on claim, data, and reasoning
wereadded togetheeven if scores in these argumentatteamentsnay not be oithe same
interval scales. Therefore, the purposehaf study is to investigatananalytic frameworltor
establisings t u d everallargumentation ability on a single scale.

In this study, we characterize scientific argumentation as a-fewdti construcbased on

student sdé cl| ai thes clainjs,wscertairfityi quadifiers, ana sonditians of rebuttal.

y
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We designed sikem setdo elicit these argument elements related to climate change and life in
space. The research questions of this study are:

1 What types of claims, justifications, unctinty qualifiers and conditions of rebuttal

do students providehen they formulatehetorical scientific arguments?

T How ar e st ujuseficatioastuncerfaiatygualgiers and conditions of

rebuttal mapped onto the underlying scientific argotaigon construct?

We first summarize literature related to scientific argumentation and sources of
uncertainty. Next, we introduce a scientific argumentation construct map and describe research
methods related to instrument design, subjects, and dagatemil and analysisroceduresWe
presentand discussesults in the order of research questions listed alfoNewed by
implications for science teaching and science education research.

Literature Review
Argument

Thoughargument and argumentation améerchangeably used the literature without
clear distinctionwe use argument throughout this paper to mean reasoning or justification to
support an assertion or conclus{@ohar & Nemet, 2002) and argumentation as a skill or ability
associated with fonulating arguments. Kuhemd Udell(2003) differentiated dialogic or
di alectical arguments from rhetorical ar gumen
more people engage in debate of opposing cl ai
argumet based on pure logic (van Eemeren et al., 1996). Argument is recognized as a process
and as a product (Berland & McNeill, 2010). Argument is a verbal, social, and rational activity.
As aguments occur acrosksciplines,Toulmin (1958) extracted siield-invariantargument
elementgSee Figure 1)

1 Claim (C) or conclusiofiwhose merits we are seeking to establ{gh 97)
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1]

1T Data (D) are the facts we appeal to as a
T Warrants (W) fAshow t hat,inttha$dpioghe driprals e dat a
claim or conclusion is anappropriate and
1T Modal gualifiers (Q) indicate Athe strengt
warrants authorize us to accenpetc eas scaraiilny éu na
others authorize us to make the step from data to conclusion either tentatively, or else

subject to conditions, exceptions, or qualificatiamghese cases other model qualifiers

such as o6probablyé and 6PhH)esumabl yd are in
T Conditions of rebuttal (R) indicate fAcircu

warrant would have to be set asideéexcepti

defeating or rebutting the warr aatedtwthe conc|l

choice of the modal qualifier.

1T Backing (B) shows fAassurances without whic

neither authority nor currencyo (p.103).

In science education rearch, rebuttals have largely been attributed to counterarguments
during classroom discourse (Kuhn, 2010), group argument construction (Osborne, Erduran, &
Simon, 2004), and online discussion (Samson & Clark, 2009). A few studies characterized
qualifiersa fspeci al conditions under which the <cl a
p.347), rather than the original Toul minés de
force which our data confer onuechr acl @ipmeismu ma
fal ways, 060 and fAal most certainly.o Therefore,

community resemble conditions of rebuttal i n
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Toulmin (1958) pointed out thahough thesargumentlements a field invariant,
backing provide$ield-dependencyfoit he cri teria or sorts of gr ol
(p. 36). The scientific knowledge base along with the established and accepted scientific inquiry
methods provides sources of backingdezkinformulating and evaluatingcientific arguments.
Uncertaintyand Conditions of Rebuttal in Scientific Argument

A frequently utilized modal qualifier in scientific arguments by the community of
scientists is uncertainty. Uncertainty is associategdlwvi one dés confi dence or |
describing current phenomenapredicting outcomes. Uncertainty occurs because the
knowledge, experience or information used in descriptions or predictions is not sufficient enough
to provide definite and exaclaims.

Scientific uncertaintyAny scientificclaim involves uncertainty to sonegtent.Scientific
uncertainty igelated to conceptual and methodological limitations imposetdyyarticular
scientific inquiry method applied to an investigatiBeientificuncertaintyassociated with
measurement, probability, phenomena, and status of current knowledge base can weaken the
strength of an argument thus canshéject tarebuttal.

1 Measurementuncertaintple asur ement i s a fAproces»dr of exj
more quantity values that can reasonably b
Guides in Metrology, 2008, p. 16). Even though a quantity such as the distance between
the Sun and the Earth is considered to have a true quantity valuetramémg designed
to measure it may not produce the true quantity value. The difference between the
measured and the true quantity values is called measurement error. To reduce the
measurement error, the same quantity is measured multiple times. Theditzudemor

of measurement indicates the degree of uncertainty associated with the measurement of
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the quantity. In addition, measurement uncertainty can arise rather systemdtieaiby

the accuracy, precision, and resolution ai@asuringnstrument.

Probabilisticuncertainty Scientific clains expressed in probability shanathematical
uncertainty. Probability describes the likelihood of a certain event to occur, such as

having a 60% chance of a rain shower. Using probability distributions, all [gossdnts

are considered while none of the events are completely ruled out. Probability has been
used in a variety of disciplines to address uncertainty especially in describing molecular,
atomic, and subatomic phenomearsawell asn predictingnatural dsasters such as

hurricanes anéarthquakes.

Uncertain phenomen&ome scientific phenomena under investigation can be uncertain.
The best example i s Heisenbergds wuncertain
the momentum of a particle cann@known to an observevith the same accuraey

the same timéLindley, 2007) This is considered the characteristic of the scientific
phenomenon itself, not the fault of the measurement method. Moreover, most scientific
phenomena are complex because theglve an extremely large number of entities

whose interactions are governed by numerous known and unknown factors over

extremely short or long periods of tima.these casescientific claims cannot be stated

with absolute certitudbecause ofinexamned elements of a phenomenon in a study.
Uncertainty due teollective understanding at the time: The knowledge, equipment,

tools, and driving questions currently employed by scientists limit their claims and
explanations. This uncertain nature of sciemaet er pri se i s captured ¢
scientific knowledge in studies of nature
example, on the 135anniversary of its publicatiofSciencenagazine selected 125

topicsthatcurrent science cannot ansvieiti s ci ent i st s shoul d have
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answering the questions over the next 25 years, or they should at least know how to go
about answering themo (Kennedy & Norman, 2
AAre we al one i n t herstabding of liferissver?nduchdimitecct@ o ur
life on Earth and at the same time the Universe is vast, our theoretical and empirical tools
of finding extraterrestrial life are very much limited.
St udent s 0 Unlike sceemtiticaincertainty, in whicthe limitations reflect the
current status of scientific knowledge and investigation methods commonly adopted by the
community of scientists, student uncertainty
status of knowledge, ability, and skill. Tlaspect of uncertainty is related to sefficacy,
referred to as i ndividual studentsodé judgments
(Bandura, 1986). Among the s&lbncepts that students hold about themselveseHelacy is
most profoundlye | at ed t o studentsd academic perfor man
Students are continuously learning science through adding, comparing, contrasting, and revising
various ideas from their own experience and from informal and formal science educemion (L
& Eylon, 2006).When students are askedexplain their claim in response to a scientific
qguestion, it is likely that they do not hold a tight grasp of knowledge and experience required to
answer the questioim dealing withambiguous or anomalousidence, students often attempt to
alter the evidence to fit the scientific disposition they are set out to prove (Chinn & Brewer,
1993; Germann & Aram, 1996). Metz (2004) discovered five sphemsmokntary school
student sdé uncer tpoducd aldesired bucame,data, teendhidentified imthe
data, generalizability of the trend, and the theory that can explain theitréicdting that
students can consider uncertainty as part of inehaised investigations.

Analyzing StciAdunertssd Scienti f
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Most frameworks designed to analyze rhetorical or dialogic arguments distinguished
well- from poorly-constructed arguments. Increasing competence has been identified in
justifications, conditions of rebuttal, and counterargumast®Ilows

Justifications.Though students make arguments in everyday life and appear to be doing
so naturally(Simosi, 2003)they are not inclined to make arguments in science class. Often,
students do not include justifications for their claims (Bell & Linn, 2(&4hdoval &Millwood,
2005. Justifications show how students coordinate data or evidence with claims (Duschl &
Osborne, 2002). Selecting salient evidence from all available data is considered important
( Mc Nei | | Lizott, Kr aj dityth justifgis dt@nglycorreldt@€dQvish) . Stu
studentsé knowledge of science content ( Means
pointed out that having knowledge cannot guar
its own artitnukaeadnpnothp. s188kpnt needs to act
particular situation, to decide how exactly, the theory should be mapped onto that situation, and
to derive what the theory implies or says abo
rubrics for justifications focused on whether and how many scientifigalig justifications
wereincluded. For instance, Clark and Sampson (2008) coded for the grounds students used in
the order of (1) claim only without grounds, (2) data only, and (3jipfeidata or justified data.
Means and Voss (1996) counted the number of reasons. Zohar and Nemet (2002) counted the
number of justifications in three scoring categories: no scientifivalig justifications (score
0), one valid justification (score,1and two or more valid justifications (score 2).

Conditions of rebuttaMWalton, Reed, and Macagno (2008) proposed three tfpes
rebutting an argument. The first type is to a
terminology, used in an argumentar@t tr ue. The second type is t

does not follow from the premiseso (p. 222),
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type is to argue that Athe conclusion (@g.s fals
222), leading to a counterargument. Walton et al. (2008) distinguished between rebuttal and
refutation where the former is to simply oppose an argument while the latter not only is opposed

to the original argument, but also has enough streaogitempower it. Conditions of rebuttal

written in an argument are mainly of the first type when they are presented without

counterclaims or counterarguments. Students who realize claims as being conditional and

elaborate how and in what conditions claims cahnbged are considered to have higher

reasoning abilities than those who do not (Means & Voss, 1996).

Counterargumentounterarguments aes example ofhe third type of Walton et al.
(2008)06s rebuttal s, and t he videnpgustiBcationgander ar g
claim. Analyses of counterarguments often occur in dialogic argument situations such as group
or classroom discussions where opposite points of aiewlicited and debated. Arguments that
addresgotential counterargumentseaonsiderednore effective than without them (Erduran et
al., 2004; Kuhn, 2010; McNei& Pimentel, 2010; Sadler & Fowler, 2006).

Overall scientific argumentation abilifylo st f r amewor ks anal yzed s
arguments in multiple coding categs and compared frequencies of occurrences in each coding
category. To represent overall performance on scientific argumentation, researchers used three
methods. First, a new set of categories were creataddiyig scores frortwo or more argument
categries. Erduran et al. (2004) used claims (C), data (D), warrants (W), backing (B), and
rebuttals (R), to create CD, CW, CDW, CDR, CDWB, and CDWR. In these combinations,

CDWB and CDWR represent a higher scientific argumentation performance than tHewther
Since this method createdtegorical variables, only frequency comparisesase used in the

analysis
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Second, a muklievel ordinal scale was created. Erduran et al. (2004) defined the first
level as only claims or counter claims, the second leveleass with data, warrantsr o
backings. The third level addedak rebuttals to the second levdlile the fourth level added
one clearly identifiald rebuttal. The fifth level includedultiple clearlyidentifiable rebuttals.

Osborne et al. (2004) us#us ordinal scale to characterize to what level a dialogic argument
situation could reach. Sadler and Fowler (2006) developed-adive: argumentation quality
rubric consisting of claims without justifications, with no valid grounds, simple grounds,
elaborated grounds, and elaborated grounds with a cepaosation. Sadler and Fowler (2006)
applied multivariate analyses of variance on this argumentation quality variable.

Third, a total score was created by summing up scores each student receivedpte mult
coding categories. For example, after giving a point for each of claim, data/evidence, reasons and
backing, qualifier to construct an argument, counterargument, and rebuttalsa@thi@sborne
(2010) used a composite score to find relationships leetwe st udent s6 sci enti fi
ability and instructional practices. Zohar and Nemet (2002) combined the number of
justifications scored 0 to ®ith the argument structure scored 0 (no valid justification), 1 (a
claim supported by a justification) @2 (a claim supported by multiple justifications with
multiple conditions of rebuttal). Similarly, Sampson and Clark (2@@d@edscores assigned to
explanation sufficiency, conceptual quality, evidence quality, and reasoning adequacy categories
to produe an overall argumetore.

Summary

Many analytic frameworks have been develop
dialogic arguments in the past decade. Despite variationsgathese frameworks, similar
patterns emerged in distinguishing morenfriess competent responses witfistifications,

conditions of rebuttaJsand counterarguments. Howevstydent performance levels acrtissse
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argumentatiorvariablesvere notyeta c c umul at ed t o owerallscieatdie nt st ude
argumentatiorability ona psychometricallglefensible scale.
Methods

We first define the scientific argumentation ability with a construct map (Wilson, 2004)
which guided the instrument design, scoring, analysis, and interpretation in this study. We then
describeesearchmethoddn a fourstep process suggested by Mislevy and Ricoscente (2005):
assessment task selection (instrument design), assessment task presentation to students (data
collection), evidence identification that shows the assignment of designated st¢bies wi
argumentation coding categories (scoring rubrics), and evidence accumulation that shows how
student responses were amassed across multiple coding categories (scale development).
Rhetorical Scientific Argumentation Construct Map

Based on Tumantsticturé @958),rwg conceptualize the scientific
argumentation construct consisting of six distinct levels. Table 1 shows these levels on a
continuum in the order of increasing sophistication. Higher levels are assigned to students who
include moreelements in their scientific arguments. The first level representsaientific
statements. In the second level, students write or choose only a scientific claim without
supporting evidence or relevant knowledge. In the third level, students make aataithon
salient data or relevant knowledge. In the fourth level, students make a claim based on
coordination between salient evidence and relevant knowledge. In the fifth level, students modify
the strength of their scientific argument. In the sixth laigtiest level, students can distinguish
conditions where their scientific arguments are heldandrecognizdimitations associated

with measurement, current knowledge base or model, and phenomena.

Instrument Design
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We selected two science topics, climate change and the search for life on other planets,
from the 125 science problems a panel of scie
SciencdKennedy & Norman, 2005). i$ essentiato usethese current science topiosorderto
encourage students to elicit their uncertainty and conditions of rebuttal in their arguments. In
cases where scientifically correct answers ar
not be fully dicited. Three scientific investigations on the topic of climate change were used as
item contexts:

1 Pinatubo item set: describing how Mountain Pinatubo eruptions impacted global

temperatures;

1 T2050 item set: predicting the temperature of 2050 basededoettore records of

global temperatures and atmospheric,@®els between 125,000 years ago and
2000;

1 Ocean item set: predicting the trend of atmospherig|€@l| when ocean

temperature increases.

For the topic of lifeon other planetghree investigi@ons were chosen:

1 Galaxy item set: predicting a possibility of finding extraterrestrial life based on the

number of galaxies and stars observed in the Universe;

1 Life item set: predicting existence of Eattke life formsby comparingmformation

betweeran imaginary planet called Athena and the Earth;

1 Spectra item set: predicting conditions between Uranus and Neptune based on

absorption spectra.

For each of these six investigations, we stringed together four items consisting of making
scientific claims ¢laim), explaining scientific claims based on evidence (justification),

expressing the level of uncertainty about explanations for the claims (uncertainty), and
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describing their source of uncertainty (conditions of rebuttal). We asked these elements

separgely since the use of qualifiers and the consideration of rebuttals do not naturally occur in
students (Sandoval, 2003). For claims, either multhlgice or shoranswer item format was

used. For justifications, we provided data in graphs, tables, tiemvatatements and asked to

AExpl ai n your -andes ferenat.orhen,studants werg asked to rate their
uncertainty on a five point Likert scale from
Students were asked to explain theicertainty. See Figure 2 for the Life item set. On the

scientific argumentation construct, the claim items were designed to match the first two levels;
thejustificationitems from the first to fourth level; uncertainty items to the fifth level; the

conditons of rebuttal items from the fifth to the sixth level. Since the items were answered by

individual students, how students formulate counterarguments was not addressed in this study.

According to the scientific argumentation construct shown in Table 1, we hypothesized
that higher and higher scientific argumentation abilities would be needeel order of claim,
explanation, uncertainty, conditions of rebuttal items for studertie sucessful.

Data Collection

We developed a test consistingtioé six item setsln the first month of a new school
year, he test was administered online to a total of 956 Earth Science students taught by 12
teachers in six middle and high school schéatsaited irthe Northeastern United States. Among
the students, 52% were female; 90% spoke English as their first language; 83% were middle
school students; and 70% used computers regularly for homework. It took about 30 to 40
minutes for students to comethe test. We eliminated students who did not complete more
than 50% of the 24 items to ensure the accuracy of the ability estimates. As a result, 837 students

were included in the analysis. Average missing data percentages were 2.9% on claim and
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justification items and 4.2% on uncertainty and conditions of rebuttal items. The missing data
were treated as missing as Rasch analyses are tolerant of missing data.
Scoring Rubrics

Multiple-choice andshod nswer c¢cl aim i tems wereams chotor
that were consistent with what current scient
Explanation items were coded based on whether scientifically relevant evidence or relevant
pieces of knowledgeasincluded and how well students coordethbetween knowledge and
evidence. Figure 3 shows a scoring rubric forjtiséificationitem in the Life item set.
Justificationswithout scienceelated information were assigned to the no evidence category
(score 1). Students can use as many evidercepias possible from the data provided in the
item or as many knowledge pieces as possible. When justifications included relevant data but did
not include how or why the data supported their claims, they were assigned to the relevant
evidence/knowledge tagory (score 2). When justifications included relevant knowledge
without data, they were also assigned to the relevant evidence/knowledge categidryations
thatcoordinatedetween a piece of salient evidence amece ofelevant knowledge were
assigned to the single warrant category (score 3). There were five possible coordinated links in
the Life item set as shown in Figure 3. Whestificationsprovided two or more coordinated

links between evidence and knowledge, the two or more warraetgoatvas assigned (score

4).
-------------------- Insert Figure Here-------------------
On uncertainty items, fAl10 and A20 response
responses to neutral (scor e 1) )categones.Btddent and 0

responses to conditions of rebuttal items were assigned tef@lsas shown in Table 2. The

first level (score O)jncludedblank, offtask responses, and restatements of claims or uncertainty
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ratings. The secondvel(score 1)rpr esent ed studentsdé status of
to the science topic addressed in the item. The kel (score 2) dealt with scientific

uncertainty involved in the outcome, knowledge, and data related to the investigation addressed
in the tem set. The fourtkevel (score 3) represented scientific uncertainty beyond the

investigation featured in the item.

Data Analysidor Scale Development

We used descriptive statistittsshow what types of scientific claims, justifications,
uncertainty levels, and conditions of rebuttal students exhildiade we had claim items scored
from O to 1, justification items from 0 to 4, uncertainty items from 0 to 2, and conditions of
rebutal items from O to 3, we usdlde RaschPartialCreditModel (Rasch, 19663hown below

to fit the datg PCM; Wright & Masters, 1982):

eXp[é. @.- @-;1l

i=0

I:?’lix(c7) = m r
a [eXp' ag.- ¢d- i J]

where P, (g) stands fothe probability of studemnt scoringx on itemi.q stands for the student
location on thescientific argumentationonstruct in this study refers to the item
difficulty. £; (j = 0, 1, .m) isthestep parametendicating the difficulty of achieving each scgre

for itemi.

We used th€onQuessoftware (Wu, Adams, & Wilson, 1997) to condadasch
analysisbased on the Partial Credit Mod€lonQuest provides an ability estimate for each
student and an item difficulty estimate for each item. Both ability and item estimates are

calibrated to be on the same logit scale with values ranging-#@o4.0. The higher the logit
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value, the more able the student and the more difficult the itesruddd fit statistics to examine
whether observed student responses to claim, justification, uncertainty, and conditions of rebuttal
items fit the partial credit model. We then examined overall item difficulties to determine how
these four argumentationeshents can be ranked according to the level of ability required on the
scientific argumentation scale. We also used-testh consistency to show how well each item
performed as compared to the entire test. We used the Wright Map to compare the distributio
of student abilities and item thresholds on the scientific argumentation scale. An item threshold
indicates how difficult it is for students to achieve a designated score within each item.
Results

Student Response Distributions

Table 3showshowstuded s 6 responses wer e aetsmtermsbut ed
of claim, justification, uncertainty, and conditions of rebuttal.

Claims.Overall, 4966 of the studentsd cl aims were sci
theT2050, Ocean, and Spectitam sets occurred much less frequently than in the other three
item sets. The lower scientific claim rates tioe T2050 and Ocean items were related to
studentsé6é difficulty with interpreting graphi
and writing operended claims (note that the other four claims were multiptece claim
items). For example, the T2050 item contiedtured two graphgjlobal temperatuseand
atmospheric C@concentratiorlevelsover a 125,000 year period. The Oceamiteaturedthe
solubility of CQ, in ocean water over a range of temperatures while students predicted what
would happen to the atmospheric £€vel if the ocean temperature increases. The Spectra
itembs claim was di f fi c uatntabsdption apecra linesofdshe st ude

light reflected on Neptune and Urarur$or to the testing
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Justifications About half of the justifications did not include any scientifically relevant
eviderce or knowledge while slightly more than one third included either salient evidence or
relevant knowledge for the claim. The coordination between evidence and knowledge as shown
in warrants was difficult to achieve as only 13.1% of the responses inclsdezhéfically
elaborated warrant and 2.3% included wonoree | abor at ed warrants. Stuc
levels were relatively lower in the T2050 and Ocean items in which students also had difficulty
in making scientific claims. On the Pinatubo ité8,5% of the students were able to pinpoint
the evidence related to the global temperature decline resulting from volcanic eruption (Relevant
evidence). However, most students did not explain how volcanic eruption would cause the global
temperature to dm Interestingly, students tended to formulate warrants more effectively with
the Galaxy and Life items. Current science cannot provide definite claims related to whether life
exists outside of Earth based on a limited set of data. This indicates tleattstoould be more
willingly engaged with scientific argumentation when science is uncertain.

UncertaintyMor e t han half of studentsdé overalll u
were certain about their arguments. Two thirds of students were cemaintladir arguments in
the Pinatubo, Ocean, Galaxy, and Life items. In contrast, students were very uncertain about
their arguments in the T2050 and Spectral items. Even though most students could not write a
scientifically correct claim or elaborated wants, they were certain about their argument in the
Ocean item set, indicating that students attempted to find a direct answer from the graph shown.
Apparently, students did not differentiate the solubility ol,@Om the level of atmospheric
CO,, leadingto the opposite claim.

Conditions of rebuttalOver all, 40. 1% of studentsd6 respo
their arguments certain or uncertain. The most predominant conditions of rebuttal were whether

students were able to understand the questierrelated science knowledge, or the data
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provided in the item. In some cases, students relied on authorities such as books, news, and
teachers. Only 15.0% of the student responses mentioned scientific uncertainty related to the data
and the knowledge ralant in the investigation. Very few responses (2.7%) went beyond the
investigations featured in the items. In the example of the Life item set, students peorited
issues that might undermine their arguments suéMagbe a different form of life thas not
affected by UV rays, extreme heat, and low oxygemighat planet, like bacterjéimitation on
the current knowledge of lif@
Rasch Scale for the Scientific Argumentation Construct.

Item fit Table 4 shows item fit statistics in mean squalaas. The acceptable range for
item fit to the Rasch Partial Credit Model is between 0.70 and 1.30 (Bond & Fox, 2007). There
were no misfit items based on infit and outfi
responses to all four types oéihs could be interpreted on the overall scientific argumentation

scale.

Item difficulty.We examined how difficult each item was on the scientific argumentation
scale. Table 4 shows that the easitesn on the scale was the claim item in the Life item set
with the item difficulty value 0f2.24. This means that students whose scientific argumentaiton
ability were at2.24 had a 50% chance of answering this item correctly. The most difficult item
was the claim itenin the Ocean item setith the item difficulty value of 1.16. We then
compared average item difficulty values across claim, justification, uncertainty, and conditions
of rebuttal items. The easiest item group was uncertainty items, fdlloyelaimitem group
The most difficultitem group wagonditions of rebuttal. Justification items were placed between
claims and conditions of rebuttal. See Table 4. These results indicate that the order of the

required ability on the scientific arguntationscalewas uncertaintyy claimA justificationA
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conditions of rebuttal, instead of the hypothesized order of daistificaitonA uncertainty
A conditions of rebuttal.

Itemtest consistencyVe e xami ned how st udeweresodrelateéd s pon s
with students6é ability estimates measured by
item should also score higher on the entire test since the items nmib&ss@ene construon the
same scal e. Fi gur e 4ciestificoamgesmertaticn ability ¢stinchtesnt s 6 a v
increased as scores increased in each of the four items in the Life it@imessame trend was
found inall the otherfive item sets. We examined this relationship using-tesh correlation
values. Items withdss than 0.3 iteftest correlation values are considered to correlate little with
the overall scale. Figure 5 shows itémst correlatiorvalues of claim, justification, uncertainty,
and conditions of rebuttal items. All of the justfication and conditaingbuttal items were
highly correlatednthe overall scientific argumentation scale. All but one uncertainty item also
showed acceptable correlation values. However, except the claim item for the T2050 item set,
claim items had less than 0.3 valuestfa itemtotal correlations, indicating student responses

to the claim items were insufficient to predict their overall scientific argumentation ability.

Wright Map.Figure 6 shows he items and students distributed on the scientific
argumentation scakexpressed in logit valuésom -4.0 to +4.0. On the left side, the distribution
of students according to their scientific argumentation ability is shown. The higher on the scale,
the mae able students are on the scientific argumentation construct. On the right side, item
thresholds of all scores in claim, justification, uncertainty, and conditions of rebuttal items are
shown. An item threshold is defined as students with the matchility alould have a 50%
chance of receiving a scgras compared to receiving a scpiel. Since claim items were

scored either 0 or 1, there was only one item threshold for each claim item. Justification items
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scored from 0 to 4 had four item threshdldgach item. Uncertainty items had two item
thresholds while conditions of rebuttal items had three. The higher the item threshold on the
scale, the more difficult for students to receive that score on theTitearitem threshold

locations of scores witn each of the justification, uncertainty, and conditions of rebuttal items
indicate that the intialaw scores were merely on an ordinal scale. For example, item threshold
values for the justification score 1 to the justification score 4 on the Oceasatehanged
from-2.47,-0.12, 1.02, and 2.00, respectivebn thescientific argumentation scale. In this
Rasch transformation from the raw scoreth®Rasch estimatesnty the order of theaw
scoresvaspreserved. The interval between the twaadptraw scores (a score distance of 1)
was not kept constant on the scientific argumentation scale, indicating that the amount of
abilities assessed by th@w scores was not equally spaced. Nor were ratios between tmavwo

scores were kept constant

For claimitems the scientific claim of the Ocean item set was most difficult and that of
the Life item set was easietwhasincreasingly more difficult for students to receaigher
score in each justification itebecause the item thredhold values were located higher on the
scale as justification scores increaséfk created gray bandsloxate the item threshold values
for the samgustificationscores across justification itemshél'top end of each justification score
band overlapped with the bottom end of the next justification score band. For uncésaisty
higher scientific argumentation abilities were needed for students to be certain about their
arguments than to be neutoa to be uncertain. However, there was a large overlap between the
certain and the neutral uncertainty score bands. For conditions of rebuttal, higher and higher
scientific argumentation abilities weneededs students moved from citing personal reagon

discussing uncertainty within the context of investigations and to discussing uncertainty beyond
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investigation. The three conditions of rebuttal score bands did not ovelap with one another.

The locations othesescore bands across four types of itenaicate that justification
items covered the widest range of the scientific argumentation ability scale beBnaieto
+3.80. Conditions of rebuttal items covered the rangé.86 to +3.10. The range covered by
claim items was smaller than those a@¢eby justification and conditions of rebuttal items but
slightly larger than the range covered by the uncertainty items. Both uncertainty and claim items
covered the middle ability range of the scientific argumentation scale.

The score band of making gie warrants was located at the similar range to that of
considering conditions of rebuttal within investigation. The score band of making two or more
warrants was located at a similar range to that of conditions of rebuttal beyonayatiest
These fimlings suggedhat students who could makmglewarrants were more likely to
consider conditions of rebuttal within investigation. Students who could make multiple warrants
were more likely to consider conditions of rebuttal beyond investigation, imtjdaat students
need to make multiple warrants based on multiple evidence pieces in order to consider
limitations of the investigations imposed by current science, inquiry method, or other factors.

Reliability. The scientific argumentian scale showm Figure 6 hadhe person
separation reliabilitypf 0.77 and the item separation reliability of 1.00. The item separation
reliability was higher than the person separation reliability because the former was based on 837
student sd r es p detbedatter was based ant24 respomses gerterated by a
person. The Cronbadiphavalue was 0.75, which was analogous to the person separation
reliability.

Discussion
Recent science education reform movements put an immense emphasis on using

scientificargumentation as a means to learn and teach science (Duschl et al., 2007) and
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devel oping students6é scientific argumentati on
Anderson, & Krajcik, 2006). Such continuous development of the scientific ar¢ptinan
ability across courses, classes, and grade levels can be expedited through the employment of
theoretically, psychologically, and psychometrically valid and reliable assessments. While most
science education research on scientific argumentatiorobased on the characterization and
identification of scientific argumemiementghat appear in classroom discourses or written
artifacts, a systematic largeale assessment framework that can assist the longitudinal
development of scientific argumentatihas yet to be proposed. The most critical aspéct
assessment developmemerelated to defining an adequate construct, a type of cognition
responsi ble for student s §defelpinmitemsaon the@constouét, s ci e
and analyzig and interpreting assessment data on the congielbegrino, Chudowsky, &
Glaser, 2001).

In this study, we developed and validated a construct on scientific argumentation by
combining theoretical and psychological interpretations of the existing wpdktted by others
and psychometric interpretations of the findings reported in this work. At the theory level, we
conceptualized the scientific argumentation <c
structure (1958), widely adopted by the scieecd uc at i on communi ty. Toul m
argument structure identified six fieldvariant elements in a rhetorical argument such as claim,
data, warrant, backing, qgualifier, and condi't
specify how the angsis of these elements should be used to place students on a measurement
scale. At the psychological level, we reviewed various analytic frameworks available in the
literature (Clark et al., 2007; Samson & Clark, 2008) in order to develop scoring rubtincg s
di fferent | evel s coahbedidtinguishad brsciaim,gustifichtom, manc e s

uncertainty qualifier, and conditions of rebuttal. The main agenda of this paper themdore
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designingtems to measure the scientific argumentation abihity applying psychometric
analyses to student responses to the items.

Investigating construct validity of items can provide insights on cognitive theory used to
design thetems (Messick, 1989). Construct validity its simplest definitionconcerns whéier
and how well the test is measuring whas designed to measure. A test with construct validity
canverify theoreticallyidentified relationshipsMessick, 1994 Rasch analysis results in this
study suggest that an underlying constaat accountor st udent sd responses
justification, uncertainty qualifier, and conditions of rebuttal. The scientific argumentation
construct appears to capture a complex ability that goes beyond knowing and understanding
scientific content (Aufschnaiter, Edila n, & Osbor ne, 2008) because
confidencan their argumentand recognition of limitations in the scientific datad the current
knowledge The involvement of complex cognitive activities in the scientific argumentation
construtci s predicted by Toul mi nnghss studiusingiteynfit( 1 958) a
statistics. It is surprising to find out how well uncertainty items conform to the Rasch Partial
Credit Model, as shown in item fit statistics, and how consistentlyrtiate to the overall
scientific argumentation ability, as shown in itémtal correlationseven though uncertainty
items may not be directly related to content.

Since we verified that the overall scientific argumentation ability consists of claim,
justification, uncertainty qualifier, and conditions of rebuttal, we examined how the scientific
argumentation construct should be established to represent items and students on the ability
continuum. InThe Uses of Argume(1958), Toulmin described the argant structure in the
order of claim and data, warrant, qualifier, conditions of rebuttal, and backing. Some researchers
asserted that a higher scientific argumentation ability can be seen in the number of argument

elements identified in student discourBerland & McNeill, 2010) or written arguments (Bell &
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Linn, 2000). Others suggested that being able to use counterarguments or conditions of rebuttal
be an indication of higher scientific argumentation ability (Erduran et al., 2004; Kuhn, 2010).
Kelly andTakako (2002) discovered that the task of ordering epistemic levels appeared to be
difficult, if not impossible. In this study, we applisteRa s ch Par ti al Credi't
actual responses to see whether the order of the levels in the corestrbetempirically

establishedn terms of how much ability is required for students to achieve the levels. For this
task, we examined average item difficulty values across claim, justification, uncertainty, and
conditions of rebuttatemsand item thresbid values within and across item types.

Average item difficulty values across four scientific argumentation item types show the
order of ability requirement increasing from uncertainty, to claim, to justification, and to
conditions of rebuttal. The ordbetween claim and justification reflects the general findings in
the science argument and explanation literature that students have difficulty coordinating theory
and evidence to justify their claim (Sandoval & Milwood, 2005) and that a higher ability is
required to make links between scientificalglevant ideas and salient evidence than to select or
generate claims (Lee, Liu, & Linn, 2011, Liu, Lee, Hofstetter, & Linn, 2008). In addition, this

study provides unique insights on the placement of uncertairatiifiers and conditions of

rebuttal on the scientific argumentation construct. Uncertainty acts as a vehicle to enable students

to formulate scientifiarguments Si nce studentsdé6 scientific
knowledge they have (Aufsohiter et al., 2008; Millar & Driver, 1987), those who seskess to
have weak knowledge on the science topic formulate relatively weak scientific arguments as

compared to those who have strong knowledes patterns apparent in this studgs more

ar g

thn t wo t hirds of student sdé conditions of rebu

rather than limitations of investigations. Therefore, student uncertainty in scientific arguments is

characteristically diff the sense thaftmedatter addressent i st s 0
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limitations of collective knowledge, understanding, and tools of science while the former
primarily addresses setncepts before it is transitioned to scientific unéetyaRarely are
students in science classromasked to analyze the limitations of the school science presented to
them( Leder man & Ofwbald HotecpsmostsdtOudd)e nt sd mi nds t hat
are asked to do in science class could be uncelttaizn be beneficial to use uncertain sce
contexts such as climate change and life on other planets in the scientific argumentation
instruction as a way to introduce tentativeness of current science knowledge and tools to students
and teachers (McDonald, 2010).

Comparison of item threshold wals for scorewithin each item confirms the increasing
order of the levels used in scoring rubriEgamination of item threshold locations show that the
intervals between adjaceraw scoredn each item are not equally spacedthe scientific
argumenttion scale Thus,applying inferential statistics®t ude nt s 6 iindividual a | scol
itemsis extremely problemati@Michell, 1999) The only safely allowed mathematical
operations on variables on ordinal scales are the number of cases, modgenowptin
correlations, mediargndpercentiles (Stevens, 1948hesum of scores from different
argumentation elementsannot represent studentsd overall :
because that transformatidnes not give the isomorphic mapping betwees t udent sd act
scientific argumentation abilities and their numariestimates of their abilities (Krantz, Luce,
Suppes, & Tversky, 1971). On the other hand, this challenge can be addressed to some extent by
applying stochastic transcormatgat raw scoredike Rasch analysgKarabatsos, 2001).

On the scientific argumentation scale, claim and uncertainty items cover the middle
ability range while justification and conditions of rebuttal items cover the wider ability range.
Justification items show ¢éhwidest coverage, including very low and very high ability ranges.

Conditions of rebuttal items extend the coverage towards the high ability range. This shows that
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the scientific argumentation ability is mostly contributed by justificatierland & Reisr,
2009)andconditions of rebuttatems indicating that the assessment of scientific argumentation
ability needs to focus on these two eleméhtsh, 2001) The Wright Map of the scientific
argumentation scale also demonstrates that students areecapatsidering the limitations of
given investigations when prompted (Metz, 2004). However, for this to occur, students should be
able to make links between theory and evidence, suggesting that scientific argumentation
instruction can include notonlygut i f i cati on but also conditions
scientific argumentation ability in a mutually reinforcing manner.

The assessment framework outlined and tested in this study can provide an effective
means to assess and document developmént st udent sé6 scientific ar gl
science topics and over time. The item design and the scoring rubrics have general characteristics
for manifestatiordepending upon science topics. The scientific argumentation scale shown in
Figure 6 an afford multiple trajectoriesf student developmemtithin and across itensiuch as
(1) makinga larger number aflaims consistent with current science, ¢@8prdinatingoetween
theory and evidenamore often (3) becoming more certain about argumeinéy develop, and
(4) considering limitations of the study related to investigataee often Therefore, the
overall scientific argumentation ability estimanp ar si moni ously refl ect s
performances on all required argument elements. MorethveRasch ability estimates (Rasch,
1966) can be considered on an interval scale, making them suitable for the application of
parametric inferential statistics (Bond & Fox, 2007).

The generalization of the findings in this study is limited due to thelseaggd students
and the limited number of items used in the scientific argumentation test. If we can include a
larger number of higher ability studemts the scientific argumentation scaleen item difficulty

and threshold estimate$ higher scoringdvelscan be made more accurately. The test we used
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only considered climate change and the search for life on other planets. Inclusion of other
science topics, in particular more defined science topics such as Newtonian Mechayics,
show differentelationships among the four argument element item tinoes those we
discovered in this studyruture research can examine a possibility of raitiensionality of the
scientific argumentation construct, expand the assessment framework outlined in thig study t
other science topics and students at different gaadeabilitylevels, use the framework along
with interventions, and ahexterided pericdtofuimlee nt s6 deve
Conclusion
Informed by Toulmin (1958) and the current advances in siiteargumentation
research, we conceptualized a psychometrisallid and reliable scientific argumentation
construct. To examine whether claim, justification, uncertainty qualifier, and conditions of
rebuttal can be mapped onto an overall scientificiaentation construct, we applied the Rasch
Partial Credit Model. The scientific argumentation scale established in this study greatly
simplifies the assessment of studentsdé scient
analytic assessment model &tudying learning progressions of scientific argumentation across
science topics and disciplines. As the uncertain nature of science is an important epistemological
belief about science, this gtetatidnsofsirfutintys | i ght

playin formulating scientific arguments.
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Table 1. A Construct Map for Scientific Argumentationwadlving Claim, dustification,

UncertaintyQualifier, and Conditions of 8buttal

Description of  Toulmin Student characteristics Item design in this
the level (1958) study
Level 1  Non-scientific
Level 2  Scientific claim Claim Students think scientifida@ims  ~|aim
can be made without support ¢
evidence. l
Level 3 Coordination  Claim + data Students recognize that
between claim adequate evidence is needed o
and evidence support a claim. Justfication
Level4 Reasoned Claim + data + Students can use theory or
coordination warrant/backing established knowledge to
between claim coordinate claim and evidence
and evidence v
Level 5 Modified, Claim + data Students recognize the |
reasoned +warrant/backin¢ uncertainty of claingiven the
coordlnatlon. + qualifier strength of warrants. Uncertainty
between claim
and evidence l
Level 6 Conditional, Claim + data Students recognize conditions
modified, +warrant/backin¢ that the current clemn may not "
reasoned + qualifier + be heldoy analyzing limitations Conditions
coordination  conditions of  related to measurements, of rebuttal
between claim rebuttal current theory or model, and

and evidence

phenomena under investigatio

)




