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EPIGRAPH

Exercise in repeatedly recalling a thing strengshible memory.

— Avristotle, De Memoria et Reminiscentia

A curious peculiarity of our memory is that thireye impressed better by active than by
passive repetition. | mean that in learning by hfar example), when we almost know
the piece, it pays better to wait and recollecabyeffort from within, then to look at the
book again. If we recover the words in the formayywwe shall probably know them the
next time; if in the latter way, we shall very likeneed the book once more.

— William JamesPrinciples of Psychology
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ABSTRACT OF THE DISSERTATION

Investigations of Retrieval Practice and Transfdrearning for
Rearranged Stimulus-Response Elements

by

Steven C. Pan
Doctor of Philosophy in Experimental Psychology
University of California San Diego, 2018

Professor Timothy C. Rickard, Chair

Retrieval practice is a learning technique whiclolaes taking practice tests on
to-be-recalled information. Because it is onehef inost potent memory enhancers known
to learning science, many cognitive and educatipagthologists endorse retrieval
practice as a highly effective method for enhaneiogdemic performance. However,
retrieval practice’s capacity to enhanansfer of learningor the generalization of
learning to different contexts, has yet to be falharacterized. Given that learning often
needs to be flexibly applied, the importance ofi$far to education is paramount. In the
current research, four studies investigated radtipvactice and transfer tearranged

stimulus-response element@/ith this type of transfer, practice and criaétests target
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the same basic information, such as a specificdiaconcept, but feature different cues
and responses. For example, given the fact “Thaletisrson purchased Louisiana from
France”, a practice test asks, “Thomas Jeffersochagedvhatfrom France?”, whereas a
criterial test asks,Whopurchased Louisiana from France?” The chief qaestias
whether learning would transfer—as evidenced biebetccuracy—to criterial test
guestions featuring rearranged stimulus-resporeseegits. Studies 1-4 used triple
associate words, Advanced Placement History anlb@yacourse facts, term-definition
neuroscience facts, and process-based biology ptsjecespectively. Throughout these
studies, retrieval practice consistently improvedusacy when cues and responses were
consistent on practice and criterial tests, redatova non-retrieval practice reexposure
control condition. However, substantially reduaegrovements were observed when the
criterial test featured rearranged stimulus-resp@tsments. This generally occurred
regardless of the amount of, and the format ofienl practice. Only the addition of
detailed and extensively processed feedback, agwestigated in Study 4, yielded
exceptions to the prevailing pattern of minimalriransfer. Overall, the present
research yields insights into the transfer propsréind mechanisms of retrieval practice,
including its often selective enhancement of trdioee-response combinations. It also
provides support for dual memory theories of rgtigractice effects. Practically, this
research suggests that retrieval practice shoutdrgeted at as many cue-response
combinations as possible during training, or shankdrporate extensively processed

feedback, in order to yield maximum learning besefi
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INTRODUCTION

Investigations of Retrieval Practice and Transfdrearning for

Rearranged Stimulus-Response Elements

Over a century of research on the effects of pradgsting, also known astrieval
practiceor test-enhanced learningpas shown that it often generates powerful legrni
benefits (for reviews see Rickard & Pan, 2017; Ryexd& Butler, 2011; Rowland, 2014).
Specifically, after initial study of a set of to-lEarned information (e.g., word pairs, facts,
concepts, or text passages), the use of retrieaatipe to train on that information
typically results in improved recall on a delayeitietial test (also called a final test). That
improvement is commonly observed relative to am@dmondition in which an equivalent
amount of training time is spent on non-testingvéets such as restudy or rereading.
That sequence of events (Phase 1: initial studgis@€R: retrieval practice vs. non-testing
control; Phase 3: delayed criterial test) cons#uhe standanetrieval practice paradigm
or testing effect paradigmApproximately 300 studies to date have succégsfsed that
paradigm, or close variants thereof, to demonsthadenefits of retrieval practice on
materials ranging from textbook chapters to maps(Bsky, Rawson, Marsh, Nathan, &
Willingham, 2013; Rawson & Dunlosky, 2011; Rowla@@14). The termtesting effect
andretrieval practice effecire commonly used to describe the memory enhandehan
results from the use of retrieval practice.

Current Retrieval Practice Research
Interest in the potential applicability of retriéyaactice for enhancing education

and training, as well as its underlying theoretmoachanisms, has grown dramatically in



the past decade (Roediger & Karpicke, 2018). Ritwmrstandpoint of application, many
cognitive and educational psychologists now regendeval practice as among the most
potent of all evidence-based learning techniqueg, (Bunlosky et al., 2013; Pashler, et al,
2007). Accordingly, a wide range of potential usesetrieval practice have been
suggested for different age groups and for a wagesubject materials (e.g., Agarwal,
Roediger, McDaniel, & McDermott, 2013; Pan & Agaiw2018). Numerous theories of
retrieval practice effects have also been propo3dubse range frometrieval effort

(Bjork, 1975) andlistribution-of-memory-strengthiccounts (Halamish & Bjork, 2011;
Kornell, Bjork, & Garcia, 2011) terror correction(Mozer, Howe, & Pashler, 2004),
elaborative retrievalCarpenter & DelLosh, 200@nediator effectiveneg®yc & Rawson,
2010),episodic contextKarpicke, Lehman, & Aue, 2014), addal memorynodels
(Rickard & Pan, 2017).

As the field of retrieval practice research hasagroit has branched into an
increasingly wide range of subtopics. This inclidevestigations of its applicability in
new domains (e.g., spelling as in Jones et al52Pa&n, Rubin, & Rickard, 2015); the
potential role of individual differences in mematyility, strategy use, and item difficulty
in moderating its effects (e.g., Minear, Coane add| Cooney, & Albat, 2018; Pan,
Pashler, Potter, & Rickard, 2015); its ability tthance subsequent learning from feedback
or of new materials (e.g., Arnold & McDermott, 20Bxpunar, McDermott, & Roediger,
2008), and its capacity to yield transfer of leagn{e.g., Butler, 2010; Rohrer, Taylor, &
Sholar, 2010). That final research type has grimvecome the largest subtopic in the

current literature and is the focus of this dissash.



Retrieval Practice and Transfer of Learning

Transfer of learning, or simplyansfer, can be defined as the successful
generalization of prior learning that occurred ne@ontext in a different context (and, per
Perkins & Salomon, 1994, such contexts should wesahore than that which would be
regarded as ordinary learning). In contrast witieotypes of retrieval practice research,
studies of retrieval practice and transfer usetf@and criterial test questions that are not
identical to one another. Instead, the questi@ang on one or more dimensions, such as
different test formats (e.g., multiple-choice Uso answer as in Kang, McDermott, &
Roediger, 2007), assessments of related informé&ian, Little, Bjork, Bjork, & Angello,
2012), application or inference questions (e.gtle8u2010), new problem-solving
scenarios (e.g., Larsen, Butler, & Roediger, 20@8herating new directional responses on
visuospatial tasks (e.g., Rohrer, Taylor, & Shakax10), classifying new exemplars of
learned categories (e.g., Jacoby, Wahlheim, & Co20i#0), and more. The transfer issue
is critical to the efficacious application of retval practice given that (a) instructors
eschew reusing practice questions on criterias t@sg., Balch, 1998), and (b) in real
world circumstances one cannot expect to alwayevetthe same exact information.
Research on retrieval practice and transfer alsarhplications for the cognitive
mechanisms that underlie retrieval practice’s meéahbenefits.

Pan and Rickard (2018) recently performed a congmrglie meta-analysis of the
literature on retrieval practice and transfer. tTihata-analysis found that, across 192
effect sizes drawn from 122 experiments in 67 @igld and unpublished studies, retrieval

practice did yield positive transfer (Cohed’'s: 0.40). That transfer was moderated by



three main factors: the level imiitial test performancdi.e., the degree of retrieval success
on the practice test), whether there wesponse congruenay not (i.e., whether the
correct answers on the practice and criterial iwste the same or similar), and whether
elaborated retrieval practicevas used or ndt.e., whether retrieval practice involved
recalling more than a brief, single answer and/oetiver it was accompanied by various
forms of feedback that involved more than just edranswers, or not). Further, in
secondary meta-analyses limited to specific trartgfees (e.g., application and inference
guestions only, or transfer across test formatg)pnleighted mean effect sizes varied
substantially; robust transfer was observed forestypes and not others (ranging frdm

= 0.16 to 0.61). That meta-analysis included expenits from all four studies that

comprise this dissertation, all of which involvée transfer type that is described next.

Retrieval Practice and Rearranged Stimulus-Respé&ts@ents

In this dissertation, retrieval practice and transbrearranged stimulus-response
elementwas investigatedWith this type of transfer, the same overall infatian is
targeted on practice and criterial tests, but tiffé cues and different responses are
involved on each test. For example, given a t@sigociate (e.ggift, rose, wing retrieval
practice might occur on one word of that triplecasate (e.g.gift, rose, 3, whereas a
criterial test might require recall of a differepteviously untested word from that triple
associate (e.ggift, ?, wine). The issue of interest here is whether therkstill be a
benefit of retrieval practice, relative to a resteontrol, on that criterial test. In another
example, given a neuroscience term-definition fad., ‘Synaptogenesis is the formation

of synapses between neuropsi practice test might provide a concept term. (e.



synaptogenesi|s a cue to retrieve other parts of that fact (8What is the definition of
synaptogenesis?, whereas the reverse might occur on a critegstl fe.g., The formation
of synapses between neurons is known ag...PHie same issue, namely whether there
will still be a retrieval practice benefit on theterial test, is again the focus in that
example.

Prior to the present research, published studiestoieval practice and transfer to
rearranged stimulus-response elements consist®ebdines of research. The first
involved word pairs (e.g., Carpenter, Pashler, & \2006; Vaughn & Rawson, 2014), in
which retrieval practice on one word of a word peérs shown to generate successful
transfer to the second word on a criterial teg}. (@iven the word palveach, blanket
retrieval practice obeach, 7Tesults in better performance 8rblanket relative to
restudy). The second involved classroom studidaadfiearning (e.g., McDaniel,
Anderson, Derbish, & Morrisette, 2007; McDaniel ohinas, Agarwal, McDermott, &
Roediger, 2013) in which repeated practice test®munction with outside study
activities or extended and detailed feedback was/sto promote successful transfer to
criterial test questions featuring various formsesrranged stimulus-response elements
(e.g., recall of different key terms from a givexct.

Those two lines of research represent contrastinggin the space of possible
scenarios under which transfer and rearranged ktgwresponse elements can be
investigated. In the first, the to-be-learned mate apparently have a fairly simple
associative structure (e.@ — B) and relatively basic methods of retrieval practi@ave

been assessed in controlled laboratory conditiortéie second, the to-be-learned



materials apparently have a more complex strugaue, facts comprised of associations
ranging fromA — B — Cto A given B but not Cetc.) and multiple sessions of retrieval
practice have been implemented in conjunction with and post-retrieval activities and
in less controlled classroom settings. Additionadl restudy control was employed in the
former but not always in the latter (for relatedatlission on the importance of the

reference condition in retrieval practice resease Carrier & Pashler, 1992).

Overview of the Present Research

This dissertation is comprised of four sets of &sidn retrieval practice and
transfer to rearranged stimulus-response eleménteparate chapter is devoted to each.
These aretriple associategChapter 1)multi-term factgChapter 2)term-definition facts
(Chapter 3), angrocess-based concefftShapter 4). Besides differences in stimulus
types, these studies differed in terms of the siljemain from which to-be-learned
materials were drawn (from words to Advanced Plaa#rilistory and neuroscience
facts), retention intervals (from 24 hrs to one Wjeamounts of information that had to be
retrieved during training, and implementationsaifieval practice. During training,
retrieval practice in the form of cued recall (ifdl-in-the-blank or short answer) or
multiple-choice was commonly used, and always mjwaction with correct answer
feedback (which bolsters the benefits of retriguaktice, e.g., Pashler, Cepeda, Wixted, &
Rohrer, 2005), and in some cases more than theat@nswer was provided during
feedback. Collectively, these studies were desigaeomprehensively address the
guestion of whether retrieval practice yields tfanso rearranged stimulus-response

elements, and under what conditions such transigintrbe obtained.
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CHAPTER 1
Does Test-Enhanced Learning Transfer for Tripleo&sdes?
Pan, S. C., Wong, C. M., Potter, Z. E., Mejiaadd Rickard, T. C. (2016).

Memory & Cognition 441), 24-36.

Abstract

Test-enhanced learning and transfer for triple @as®word stimuli was assessed
in three experiments. In each experiment, traiaing criterial test trials involved the
presentation of two words per triple associat@lgt), with the third word having to be
retrieved. In agreement with the prior literataredifferent stimuli, training through
testing with feedback yielded markedly better cidtietest performance than did restudy.
However, in contrast to the positive transfer régubfor paired associate stimuli, minimal
or no positive transfer was observed, relative testudy control, from a trained cue
combination (e.gA, B, ?) to other cue combinations from the same trigiat tequired a
different response (e.d3, C, ?). That result also held when two unique cue coiidns
per triplet were tested during training, and faplats with low and high average
associative strength. Supplementary analysesgedvnsight into the overall transfer
effect. An incorrect response during training agpeo Yyield positive transfer relative to
restudy, whereas a correct response appears tbngabr even negative transfer. Cross-
experiment analyses indicate that test-enhancedimhegis not diminished when two or
three cue combinations are presented during trginirhus, even though learning through

testing is highly specific, testing on all possibtanulus-response combinations remains

11



the most efficient strategy for the learning oplei associates.
Introduction

The act of recalling information during a test,athise known asetrieval
practice enhances memory for that information, above anhbd an equivalent period of
time spent restudying the same materials. Ts8ng effector retrieval practice effect,
has been replicated numerous times with stimuljirapfrom paired associates to prose
passages (Roediger & Karpicke, 2006a), and is widgsjarded as one of the most robust
phenomena in learning science (Butler, 2010; CagoeR012). However, a limitation of
the testing effect literature to date is that thstunajority of published studies have used
identical materials during the initial and critéfi@sts (for discussion see McDaniel,
Thomas, Agarwal, McDermott, & Roediger, 2013). Qamatively less is known about
testing’s effectiveness for transfer to novel catge

Alongside retention, transfer has been describeteasltimate objective of
learning (e.g., Carpenter, 2012; Rohrer, TayloGH&blar, 2010). Instructors hope that the
information that they impart to students will bexilbly accessible and will generalize to
different contexts. Therefore, it is crucial tdetenine the extent to which test-enhanced
learning transfers and whether it has limitatiohsderson & Biddle, 1975; Hinze &
Wiley, 2011). In a recent review of transfer ahd testing effect literature, Carpenter
(2012) concluded that test-enhanced learning teamstell in three categories: (1) across
temporal contexts (e.g., different retention inédsy, (2) across test formats (e.g., question
format alterations such as short-answer to mulgpieice), and (3) across knowledge

domains (e.g., from biology to aeronautics). Tdléssification scheme adheres to
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recommendations that research on transfer reqdé@fsitional clarity (Barnett & Ceci,
2002).

Of the categories delineated by Carpenter (20h2)sécond and third include
studies in which the stimulus materials used oritar@l test are different from those used
on prior tests; among these, transfer has beenm&nated for word lists (Carpenter &
DeLosh, 2006), prose passages (Butler, 2010; G9; 2010; Chan, McDermott, &
Roediger, 2006; Karpicke & Blunt, 2011), and sceefacts (Hinze, Wiley, & Pellegrino,
2013; McDaniel, Anderson, Derbish, & MorrisettepZOMcDaniel et al., 2013; Rawson,
Dunlosky, & Sciartelli, 2013). Test-enhanced |@agralso exhibits transfer for less
commonly examined materials such as math funciiiaag, McDaniel, & Pashler, 2011),
spatial learning (Carpenter & Kelly, 2012), maprieag (Rohrer et al., 2010), and even
medical diagnoses (Larsen, Butler, Lawson, & Ro&dig013). Moreover, transfer has
been found when the difference between the orilyinasted and transfer test materials is
relatively small feartransfer involving questions on the same subjegt, detalil
guestions as in Hinze et al., 2013) as well as whisrguite largefar transfer involving
application or inference questions on separate$opi.g., Chan et al., 2006; Johnson &
Mayer, 2009; McDaniel, Howard, & Einstein, 2009).

Conversely, there have been some failures to famster of test-enhanced learning
(e.g., Agarwal, 2011; Hinze & Wiley, 2011; Tran,Rer, & Pashler, 2014). Such studies
have employed materials similar to those in thdisgidescribed above (e.g., textbook
passages, science facts, logical premises) andaiefer measured has ranged from near

to far. As of this writing, however, failures tmd transfer of test-enhanced learning
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remain the exceptions in the literature.
Positive Transfer for Paired Associates

Carpenter’s (2012) second category of transferialdades studies in which the
same materials are presented on the initial amberiai tests but in which the stimulus and
response elements have been rearranged on théattigst. Strong positive transfer of
that type had been observed for paired associatgswdarpenter, Pashler, and Vul
(2006) administered cued recall tests for pairesbaate English word lists in one cue-to-
target direction (e.gheach— blanke}, and observed substantial transfer to the rederse
previously untested direction (e.glanket— beach) on a delayed criterial test. Similarly,
Vaughn and Rawson (2014) adapted the Carpentérperadigm using English-English
word pairs to assess criterion-level testing (uyhn & Rawson, 2011). They replicated
the finding of positive transfer for the case dbjgats trained to a criterion level of one
correct trial for each tested item, although theeeiof transfer decreased at higher levels
of criterion learning.

In Carpenter et al. (2006) and Vaughn and Raws0b4R, transfer was assessed on
the criterial test by the reversal of two elemdptg.,cue— targetreversed toarget—
cug. This raises an important yet unaddressed durestithe testing literature: Does test-
enhanced learning transfer for stimuli with morarthwo elements, any of which could
constitute the answer on the transfer test? Timestipn has not been thoroughly addressed
within the testing effect paradigm using accuragytee dependent variable, in particular
for the type of transfer in which previously studl&imulus and response elements are

rearranged on the criterial test. There is reladéseéarch, however, as summarized below.
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Transfer Research on Triple Associates

Kahana and Caplan (2002; Experiment 1) exploretstes for word triplets using
serial presentation in which each of three words prasented, one at a time, per study
trial (all three words were never shown at one JimEhat study phase was immediately
followed by a criterial test in which either a degvord or two words were presented, with
subjects being asked to vocalize the missing wosdavds. A recall advantage, in terms
of both accuracy and response time (RT), was obddveth for single word and two word
stimuli in the trained forward direction over thettained reverse direction (i.e.,
performance o®\-B-?was faster and more accurate than performanéeBx€). Kahana
and Caplan regarded this finding as evidence afcative asymmetry for the case of
triplets, and noted its contrast to the associajeametry that is characteristic of paired
associates (Kahana, 2002). That study did nozetd testing effect paradigm, however
(i.e., training did not involve a test), and thesipiwe transfer was observed relative to no
training. Thus, that finding does not directly eeltb the possibility of transfer for tested
materials relative to restudied materials.

Another line of work has investigated the transfietest-enhanced learning for
multi-element stimuli following extended retrieyafactice. In these studies, transfer was
evaluated relative to a control case of no trairdng using RT as the dependent measure.
Rickard, Healy, and Bourne (1994; see also Bajwak & Rickard, 2011; Rickard, 2005;
Rickard & Bourne, 1996) showed that, for both ctaldand adults, RT gains following
retrieval practice on arithmetic facts do not tfanso complement facts (e.g., the RT

improvement fo x 7 = ___does not transfer positively t85 +7 = __, or vice versa). Of
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more direct relevance to the present study, theedaok of transfer following extended
retrieval practice has also been demonstrated @dii-element verbal stimuli.

Rickard and Bajic (2006) had subjects study a s2#avord triplets (e.ggup,
hand, teq. Each triplet could form three test items, wireeetest itenrefers to a two-
element test stimulus in which two of the three dgosire presented as cues and the
missing third word is the to-be-recalled targettagng the spatial arrangement of the
presented words, three test items are possiblesfdn triplet (e.g., for the tripletp, hand,
teathe three test items are: test itencdp, hand, ?test item 2cup, tea, ?test item 3:
hand, tea, ¥ In the subsequent training phase, there were@étitions of testing with
feedback for 18 test items from the 36 tripletg] #re remaining triplets received no
training. On the criterial test, RT performancesvaasessed for all three possible test items
per triplet, which yielded three conditions: (13ted triplets with the trained response
(tested-identicaitems), (2) tested triplets with an untrained res@of{ested-inverted
items), and (3) triplets that were not trainedlbfuntraineditems). Tested-identical items
exhibited more than 650 ms of speedup. That legrmiowever, did not transfer
positively to tested-inverted items; there was ififeience in accuracy across the criterial
test conditions in those experiments (by desigoyi@acy was high for all test items on the
criterial test).

Specificity of learning and testing on triple asstes. To explain the specificity of
learning in the above RT studies, Rickard et @894t Rickard & Bajic, 2006) proposed an
identical elements (IE) model of retrieval practeftects for multi-element stimuli.

According to that model, successful retrieval tlyloa study representation establishes a
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new and separate recall representation for thécpkat stimulus-response configuration
that was tested. That representation, which israed to form over the first few
successful retrieval attempts, is accessible anlyrained stimulus-response
combinations. Over the course of retrieval pragtibe recall representation becomes the
dominant pathway to retrieval, and faster retrigkiedugh that representation as a function
of repetition accounts for the RT speedup. Theisiaval practice for the test itecap,

tea, ?will result in substantial RT gains. However, whbe tested-inverted itetaa,

hand, ?is later presented, the recall representatiordpt tea, Tannot, according to the
IE model, be accessed. Rather, answer retrievéihé test item must rely solely on the
initially encoded study representation. The predi@and observed result is no positive
transfer of practice effects to tested-invertethge The IE model also correctly predicts
the finding that RT improvement during the tramsitirom reliance on the study
representation to reliance on the hypothesizedlrgeat-based) representation does not
follow the nearly ubiquitous power law (Newell & nbloom, 1981) for data averaged
over subjects, but rather adheres to a mixturetimm¢hat also characterizes RT learning
in other strategy transition contexts (Rickard, Z;9Rickard & Bajic, 2006).

The studies on multi-element stimuli summarizedvabend the IE model raise the
possibility that transfer of learning will not oadr triplets under the testing effect
paradigm (i.e., assessing transfer in the contiepédormance on tested vs. restudied
materials), despite evidence for positive transfehat paradigm for paired associates. It
is important to emphasize, however, that the afergianed experiments on word triplets

and arithmetic facts differ from those in the tegteffect literature in at least four critical
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respects that may yield divergent transfer resiiisst, the focus in most of those studies
was transfer of learning as measured by RTs, whaesting effect studies primarily use
accuracy as the dependent measure. It is plaubkididRT gains are highly specific to
practiced test items whereas accuracy gains areSexond, those studies either included
no comparison of testing versus restudy (e.g., &k Bajic, 2006), or testing was
entirely absent during training (Kahana & Caplad02). It is possible that transfer may
be observed in a testing effect paradigm that vesltesting and restudy during training.
Third, training in several of the aforementioneddsts (e.g., Rickard et al., 1994; Rickard
& Bajic, 2006) involved numerous repetitions (e2f)) of each trained test item, on which
the observed RT-based specificity of learning éffeaight have depended. In the present
experiments, transfer was assessed after onlyeshérial per test item. Finally, all
experiments described above involved a test imngiafter training. In the testing
effect literature, longer delays, such as the orelndelay in the present experiments, have
been associated with increased testing effect madgi(Roediger & Butler, 2011;
Roediger & Karpicke, 2006a). It is possible tlmtder delays also yield greater transfer.
The Current Study

In the present work we examined test-enhanceditegpemd transfer for triple
associates, relative to a restudy control. Inisask subjects studied a complete set of 36
triplets. During the subsequent training phasg testudied half of the triplets and were
tested with feedback on the others. The critéeisil occurred one week after training, and
the dependent variable was accuracy (proportiorecr The critical question was

whether the expected test-enhanced learning woamdfer from tested-identical items to
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tested-inverted items (wherdest itenrefers to a two-element test stimulus that takes th
form of two presented words with one missing wardbé¢ recalled, as in Rickard & Bajic,
2006). To assess criterial test performance othade possible test items that were
derivable from each triplet (i.€A, B, 2 A, C, 72 andB, C, 7 the spatial order of elements
was randomized), we used a three-block desigmeadh block, one test item (e.4.,,B, %)
per triplet was presented, and across all threekbleach of the three test items (e.g., test
item 1:A, B, ? test item 2A, C, 7 test item 3B, C, 9 corresponding to each triplet was
presented once.

To explore possible moderating factors on bothmlagnitude and transferability of
the testing effect, in the first two experimentsaxamined the effects of testing on one
versus two test items from each triplet duringriirag. In Experiment 3, we assessed the
effects of training on all three test items pepl&i during training (thus complementing the
first two experiments but not directly assessiagsfer), as well as an instructional
manipulation. The modifications across experime&rdgse motivated in part by prior
suggestions that testing on more than one variaatstmulus (e.g., Goode, Geraci, &
Roediger, 2008) and employing instructional maragpahs (e.g., Chan et al., 2006) can
enhance the transferability of the testing effect.

Experiment 1

Subjects first studied 36 word triplets. Eachlétipvas then presented once again
during training, half for restudy and half for fegtwith feedback. In this and all other
experiments, all test trials during both trainimgidhe criterial test always involved

presentation of two of the three words as the dtisywith the third word having to be
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recalled. As we mentioned in the introductionj\eeg pair of word stimuli on a test trial is
referred to as test iten(i.e., two of three words being presented, withrthesing third
word to be retrieved, constitutes one test iteAfjer a one-week delay, a criterial test
assessed recall for all 108 possible test itemssadhe 36 studied triplets (three blocks,
with one test item per triplet being presentedaaheblock). The overall design was
modeled closely on prior work (Carpenter et alQ&®Rickard & Bajic, 2006).
Method

Subjects.Forty-six University of California San Diego umgeaduate students
participated for course credit. All but four obtBubjects completed both sessions of the
experiment. The sample size selected for this sivalyycomparable to those of prior
laboratory studies focused on transfer (e.g., H&ax#&iley, 2011; McDaniel et al., 2007).

Materials. The stimuli consisted of 36 triplets, each cariteg three words of 3-7
letters and 1-2 syllables in length (see the Appebd). All triplets were designed to
facilitate the formation of an interactive mentakige (e.g.gift, rose, wing

Design and procedureln each session, subjects were individually skate
personal computers running Windows 7 or Windows(Mirosoft, Redmond, WA) at a
viewing distance of 30-40 cm from the computer sgreAll experiments were
programmed using Adobe Flash Professional CS6 (A@&ystems, San Jose, CA) and
presented using the Mozilla Firefox web browser ¢Ma Foundation, Mountain View,
CA) equipped with the Adobe Flash Player 12 plugin.

The first session consisted of two phases:

In the study phase, subjects read instructionmgtttiat they were toléarn and
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memorize three concepts (words) at a tinaed for each presented triplet tase your
imagination to visualize how the three conceptshiniigteract with one anothér After
pressing the spacebar to proceed, they were shib@® tiplets one at a time for 8
seconds each. The order of presentation was raaddrthere was no delay between
trials. Each triplet appeared in columnar fask{mme word above the other), in a large
serif font (Garamond, size 40) at the center ofsitreen, with the instructionstudy this
triplet” in smaller font underneath. The ordering of eacind per triplet (top, middle, or
bottom) was randomized on each trial for each subje

In the training phase, subjects were tested witdidack on one test item from each
of 18 randomly selected triplets and restudied ed¢he remaining 18 triplets, for a total
of 36 trials within one uninterrupted block. Orclkadest trial, one test item from a triplet
was shown (e.gwing gift, ?); on each restudy trial, all three words fromiplét were
shown. Test and restudy trials were randomly ieéaed. At the beginning of the phase,
on-screen instructions appeared stating that efitte @reviously studied triplets would be
presented with directions for either restutiyo( will be asked to study, which gives you
more time to memorizg’or testing with feedbackyou will be shown two words from a
triplet and asked to type the third wordthe correct word will then appedy. Subjects
pressed the space bar to proceed to the first tfai all trials, the stimulus was presented
for 8 s, with no breaks between trials.

On trials involving restudy, triplets were presehiie a columnar format identical
to that of the study phase. On trials involvingtiteg with feedback, test items also

appeared in the columnar format, but with the fell@g changes: (1) one word (the
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response to be retrieved) was removed ar@?“appeared in its place (with the word and
“?2?7? ordering in top, middle, or bottom positions rantgized on each trial for each
subject); (2) an empty text box with a blinking soir appeared directly underneath the
column; and (3) the instructions stategpe the third word of this triplét Subjects had 6

s to type their answer into the text box, afterakihio new input was accepted arr@?

was replaced by the correct word for 2 s, whichstituted feedback. During that 2 s
period, the two words of the test item and any dyplearacters continued to be displayed.
Hence both restudy and testing with feedback ttésted for 8 s. At the conclusion of
training, the experimenter reminded subjects torneat the same time the following week.
To minimize the possibility of practice betweenssess, subjects were also told that they
would be learning a new set of test items.

The criterial test was administered in the secassisn. First, subjects were
informed that their memory for the triplets thagythad learned in the prior week was
about to be tested. After pressing the spacehamoiteed, subjects were tested on three
36-trial blocks, with one test item from each of 86 triplets appearing per block, in
random order. Thus, no test item was repeatedldoeks. Consider the triplant,
spray, trash  On the first criterial test block for a giverbgect, the test item might be
spray, ant, ?; on the second blocknt, trash, ?; and on the third blockrash spray; 2.

Each criterial test trial involved the followingt)(Two words were displayed,
while the third was absent and replaced b92?; (2) the arrangement of those three
stimulus components was in an upside-down triafagglmat with two elements at the same

(upper) level, and the third element below. Tlhhargye in test format from training to
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criterial test was made in order to minimize thegble influence of word spatial location
effects from training (as in Rickard & Bajic, 20063) the locations of the three elements
(two words and ??7’) were randomized on each trial to any of the éhpesitions; and (4)
an empty text box with a blinking cursor appearachediately below. Subjects had 15 s
to type an answer into the text box before the nmgautomatically advanced to the next
trial. No feedback was provided, and there werbmaks between blocks. The
experiment ended after subjects had completetiraiétblocks.

Across the three criterial test blocks, each oftkinee possible test items for each
of the 36 triplets was tested once, yielding 138 items over 108 consecutive trials (see
Figure 1.1). In every block, 18 test items weravwdr from triplets that had previously
been trained using restudes$tudieditems), and 18 test items were drawn from triplets
that had previously been trained using testing. t&t items from the previously trained
triplets were identical to the items that had beessented during training. For example, if
the test itentea, hand, Zvas presented during training, the test itemy hand, Zvas
presented in the criterial test. Following Rickardl Bajic (2006), those items on the
criterial test will be referred to assted-identicaitems. Twelve criterial test items from
the previously trained triplets were inverted (iane or both of the two presented words
were not the same as on a previously trainedtsii For example, if the test itdem,
hand, ?was presented during training, the inverted teshjhand, cup, 2vas presented in
the criterial test. Those items on the criterésit twill be referred to aested-inverted
items. Thus, there were three test item type ¢mmdi on each block of the criterial test:

tested-identical, tested-inverted, and restudirdsitive transfer of test-enhanced learning
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would correspond to higher accuracy in the testeested condition than in the restudied
condition.
Results and Discussion

Training. The mean accuracy over subjects for the 18 tesfets was 0.60SE=
0.032.

Criterial test. A within-subjects factorial Analysis of Varian(@NOVA) was
performed on subject-level proportion correct (fFegl.2) with the factors of Criterial Test
Condition (tested-identical vs. tested-invertedrestudied) and Block (1 vs. 2. vs. 3). We
found highly significant effects of criterial testndition,F(2, 82) = 18.38p < .001,MSE
= 0.0252 = 0.31, and block(2, 82) = 206.01p < .001,MSE= 0.024,2 = 0.83, as
well as a significant interactiof(4, 164) = 3.83p < .005,MSE= 0.021,> =0.085. The
main effect of block corresponds to the overaltgrat of improvement during the criterial
test, a result that will be discussed further belde criterial test condition by block
interaction reflects the decreasing performandemihce among criterial test conditions
over successive blocks.

Of greatest interest is the main effect of critetieat condition. Inspection of
Figure 1.2 suggests that the training effect imprily driven by the difference between
the tested-identical condition and the other twodittons. A follow-up ANOVA limited
to the tested-inverted and restudied conditiongicoad no significant main effect of
criterial test conditioni(1, 41) = 0.41p = .53, MSE= 0.021 5> = 0.0099, and no
significant interaction with blocks(2, 82) = 2.12p=.13,MSE= 0.011 > = 0.049.

Thus, in marked contrast to the procedurally ar@mlggaired-associate task of Carpenter
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et al. (2006), test-enhanced learning for tripbgipears to transfer minimally, if at all, to
tested-inverted items.

The substantial performance improvement over theethriterial test blocks (see
Figure 1.2) occurred despite that fact that nolieeld was provided. That pattern, which
we replicated in Experiments 2 and 3, implies tfangom one test item from a triplet to
another across blocks, and thus appears to besistent with the finding of little or no
transfer from tested-identical to tested-invertedhs within each block. Those two
transfer patterns, however, are likely in our vieweflect independent memory
phenomena. The lack of transfer to tested-invdtéeds after the one-week delay clearly
reflects the specificity of learning in long-ternemory, and that specificity is also likely
to drive the more compressed condition effectdachks 2 and 3. The transfer across the
three tested items from a triplet over blocks igerlikely to reflect priming, or increased
response strength (e.g., Bjork & Bjork, 1992), ifatividual elements, or perhaps
“learning to learn” effects (Postman & Stark, 1960n the first block, two of the three
elements from each triplet were presented as imeision each trial, and those elements
always constituted the answers to the other twidtems from the same triplet that would
be presented on blocks 2 and 3. It is likely inwaw that priming of those elements on
block 1 made them more available for retrieval twtks 2 and 3. If priming for both of
those stimulus elements was largely saturated ackil, then the performance
improvement due to priming would be expected todbatively large from block 1 to

block 2, and smaller from block 2 to block 3, aswaserved.
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Experiment 2

Having found no evidence for the transfer of tedtanced learning after training
on one test item per triplet, we next examinedibesibility that training on two different
test items per triplet could enhance transfer perémce on the third test item. It may be
that testing on two different test items yieldplet representations that are more flexibly
accessible and can support transfer to the thiat. example, training on a second test
item of a triplet may reactivate memory for thesfitest item that was presented on the
preceding block, which may result in a more intégplaor holistic representation that can
promote transfer to a third test item on the datdest.

Method

Subjects.The sample size was increased in this experim@ixty-one University
of California San Diego undergraduate studentsqyaated for course credit, and all but
three subjects completed both sessions of the iexpet. On the basis of the standard
deviation observed in Experiment 1, a sample siZ8an this experiment yields statistical
power greater than 0.90 to detect a proportionecbadvantage of 0.05 or larger in the
tested-inverted versus the restudy condition (basea one-tailed test on the difference
scores averaged over criterial test bloeks,0.05).

Materials, design, and procedurd.he design of this experiment was nearly
identical to that of Experiment 1, with the primaxception that a second 36-trial training
block was added to the training phase. Eightedheofrials in the second block involved
a second restudy opportunity for the 18 tripletgudied in the first block. The remaining

eighteen trials in the second block involved testin a different test item taken from the
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same triplet that had been tested in the firstib(ae., if wine, gift, ? was the test item in

the first block, then eithepseg gift, ? orwine rose ? was the test item in the second
block). The position of each word (anef??’ for test trials) remained randomized on each
trial.

As in Experiment 1, there were three criterial tdetks, each with 36 trials, such
that all 108 possible test items were tested onee llocks. As a consequence of the
changes to the training phase, however, eachiatitest block included 12 tested-
identical items, six tested-inverted items, andeéQudied items. Of the 12 tested-identical
items per block, half each were from the first aedond training blocks. The order of
presentation remained randomized within each block.

The criterial test was also modified to featuramposed time limit on each trial.
This change avoided instances of subjects beitigeimidst of typing when a trial
advanced, which occurred on a few occasions in Exeat 1. Subjects were instructed to
press the Enter key after they had finished typlivagy answer on each trial. To prevent
skipped trials, the responsiveness of the Enterokegach trial was conditional on either
(1) subjects having typed a minimum of three Istter (2) three s of time having elapsed.
Results and Discussion

Training. The mean accuracies for tested items were @E3;0.059(first block)
and 0.75SE =0.057(second block). No significant difference in penfiance was
apparent on the two block$57) = 1.15p = .25,d = 0.15, suggesting minimal transfer of
learning across training blocks from one test iteranother from the same triplet. The

apparent priming effect over the criterial testdid® of Experiment 1 was not evident
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across the two training blocks of this experimehtat result, however, is not necessarily
problematic for the priming account; it may be takelements were already primed
during the immediately preceding study phase,gastie hypothesized was the case after
the first criterial test block in Experiment 1.

Criterial test. An ANOVA identical to that from Experiment 1 wasrfigmed (see
Figure 1.3), yielding highly significant main efte®f criterial test conditior(2, 114) =
32.20,p < .001,MSE= 0.024,2 = 0.36, and block:(2, 114) = 196.80p < .001,MSE=
0.026,7,> = 0.78, as well as a significant interactii@, 228) = 5.92p < .001,MSE=
0.019,7,> = 0.094. These results closely replicated theirfigsl of Experiment 1.

In the follow-up ANOVA limited to tested-inverteahd restudied items, we found
no main effect of criterial test conditioR(1, 57) = 0.076p = 0.78, MSE= 0.034,> =
0.0013, as had been observed in Experiment 1.eTas, however, a significant criterial
test condition by block interactioR(2, 114) = 4.12p = .019,MSE =0.020,,> = 0.067.
That interaction mirrors the same (but non-sigaifif) crossover pattern observed in
Experiment 1. Post-hdeests revealed a statistically significant perfante advantage
for restudied over tested-inverted items on thelthiock,t(57) = 2.47p =.017,d = 0.32,
but no significant difference between those condgion the first or second blocks.

Overall, despite testing on two of the three pdedist items during training, no
evidence remained of positive transfer from testiedtical to tested-inverted items.
These results diverge from the prior finding thatading variability facilitates the transfer
of test-enhanced learning (e.g., Goode et al., R@dough the previous design involved

anagram solving and can arguably be viewed adldeskining rather than memory recall
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paradigm. Moreover, the results of this experinsgain contrast sharply with prior work
showing excellent transfer for paired associates.
Experiment 3

In the third experiment we examined the effectsahing on all three possible test
items from each triplet involving two stimulus elents and one response. During the
training phase either a triplet was restudied thirees or each of its three test items was
tested once. Therefore, this experiment includettansfer manipulation. Rather, it
served to evaluate the efficacy of testing, retatvrestudy, when all possible test items
were tested once during training, and it promoteds-experiment analyses that provided
insight into whether testing yields increasing eciasing enhancement of learning as a
function of the number of items tested.

In the training phase, we also examined the effefcésiding reminders for subjects
to use interactive images, as well as increasiagithmber of unique interactive images
that subjects were instructed to form for eacHetipThis manipulation was motivated by
prior evidence that instructing subjects to forrditidnal memory associations during
training can enhance transfer performance (e.can@hal., 2006; Experiment 3).

Method

Subjects.Sixty-four University of California San Diego undeaduate students
participated for course credit. All but four sutiggcompleted both sessions of the
experiment.

Materials, design, and procedur&his experiment’s design was identical to that of

Experiment 2, with the exception of two changeth#training phase. First, training
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featured three blocks of 36 trials instead of twar eighteen of the triplets, restudy
occurred on each of the three blocks. For the intal8 triplets, each of the three test
items from the triplet was tested once across lslodikhus, six tested-identical items per
criterial test block had been presented, respdygtiwrethe first, second, and third block of
training (constituting the 18 tested-identical iggm

Second, we also explored whether the type of inteaimagery instruction might
moderate either overall performance or the tesifert. There were three levels of
instruction type during training, manipulated betwesubjects with random assignment:
(1) standard interactive imagery, in the exact neams in the preceding two experiments;
(2) reinforced interactive imagery, in which sultgeewere reminded of the image-forming
process at the start of the second phase of timnigesession; and (3) multiple interactive
imagery, in which subjects were told to form neveractive images at the start of each
training block.
Results and Discussion

Training. The mean accuracies (a8és) for test items were 0.68 (0.060), 0.78
(0.054), and 0.780.058) on the first, second and third blocks, eetipely. A one-way
within-subjects ANOVA revealed a significant difégrce in performance over training
blocks,F(2, 118) = 9.46p < .001,MSE= 0.013,7,> = 0.14. Thus, in contrast to the
training results for Experiment 2, accuracy in gxperiment depended on the training
block. The effect was non-monotonic over bloclksyéver, and the difference in
proportions correct between the first and thircckibowas small (0.04).

Criterial test. A mixed ANOVA on subject-level mean accuracy scavél a
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between-subject factor Interactive Imagery (stathdar reinforced vs. multiple) and
within-subject factors of Criterial Test Conditi(tested-identical vs. restudied) and Block
(1 vs. 2. vs. 3) was performed. In that analysissignificant main effects or interactions
involving the interactive imagery manipulation wetgserved (alp’s >.57). Neither
reminders to use interactive imagery nor instrungito construct a new image for the test
items presented on each block appreciably affqueefdrmance. Given prior work
supporting the effectiveness of interactive imag&gwer, 1970), those null results are
surprising. One plausible account is that outdtiptimuli, which were designed to
facilitate imagery, resulted in spontaneous usenafjery-based representation regardless
of the instructional condition. Alternatively, thmagery manipulations may not have been
heeded by subjects.

We therefore removed imagery instruction as a faaa performed a within-
subjects ANOVA on data combined from subjects ithake imagery groups (Figure 1.4).
Analogously to Experiments 1 and 2, we found highignificant main effects of criterial
test conditionF(1, 59) = 67.060p < .001,MSE= 0.021 > = 0.53, and block(2, 118)
=187.10p < .001,MSE= 0.012,,* = 0.76, as well as a significant criterial testdition
by block interactionF(2, 118) = 52.23p < .001,MSE= 0.0095,,> = 0.47. These results
confirm and extend the results of the prior experits. A large testing effect was observed
for triplets regardless of the number of unique itesns per triplet that were presented
during training.

Cross-Experiment Analyses

To assess the cross-experiment patterns for ttiegesffect we performed a mixed
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factorial ANOVA on the mean accuracy scores fromftst criterial test block of each
experiment, with the between-subjects factor Expenit (1, 2, and 3) and the within-
subjects factor of Criterial Test Condition (condaritems vs. restudied items). In this
analysiscombinedefers to both tested-identical and tested-indeitesns. By combining
these two types of test items into the same camjiand comparing it against the
restudied condition, in this analysis we focusedauestion of potential educational
importance, namely: Does test-enhanced learning faplet in its entirety accelerate or
decelerate, relative to restudy, when one, twalldhree test items per triplet are trained?
In other words, what is the effect of taking testsan increasing number of test items per
triplet on performance for all three test items fpget? For Experiments 1 and 2, the
combined condition included data averaged over testted-identical and tested-inverted
items for each tested triplet. All three test iseftom each triplet were tested in
Experiment 3, and hence all test items were claskifto the combined condition.

The results are shown in Figure 1.5. We obsenigllyhsignificant main effects
of experimentF(2, 157) = 26.15p < .001,MSE= 0.068,;,> = 0.25, and criterial test
condition F(1, 157) = 143.37p < .001,MSE= 0.018,4,> = 0.48, as well as a significant
experiment by criterial test condition interactiéi2, 157) = 13.31p < .001,MSE=
0.018,7p> = 0.14. The main effect of experiment correspdodie increased overall
performance levels for both combined and restuttiptets as the number of training
exposures increased in Experiments 1 to 3. Tha eféct of criterial test condition
corresponds to the overall advantage for combimegus restudied triplets. Inspection of

Figure 1.5 shows that the experiment by critegat tondition interaction reflects an

32



increasing difference between combined and rediudigets over the progression from
Experiments 1 to 3. Thus, the testing effect fearall triplet learning does not appear to
be diminished (at least under the present conditionvhich ceiling effects are unlikely to
constitute a confound), and may be accelerateldeasumber of test items per triplet
increases. These results should be interpretddoaiition, however, given that the
assignment of subjects to experiments was not rando

General Discussion

We explored test-enhanced learning relative taudgstor triple associates, as well
as transfer of that learning to inverted test iterAgobust testing effect was observed
across all experiments, extending the effect fddrassociates and likely to the larger class
of multi-element stimuli. Moreover, the testindgeet occurred despite randomization of
word order and spatial position between training @@ criterial test, which eliminates a
superficial perceptual learning account. In staktrast to the robust testing effect, we
found no evidence for positive transfer from tegthtical to tested-inverted items
relative to restudy, neither when one nor two efttivee possible test items were tested
during training.

The absence of transfer persisted across variatigme-experimental associative
strength over triplets. This was evident in supm@atary analyses using the forward and
backward associative strengths from available (f¢dson, McEvoy, & Schreiber, 1998)
on all possible word pair combinations per triglet., A-B, B-A, A-C, C-A, B-GndC-B),
thus allowing us to calculate an average assoeiatiength score for each triplet. A split-

half analysis comparing triplets that scored re&dyi high versus low in associative
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strength (averages of 0.036 vs. 0.00079 in forvaadi backward associative strength
across all possible word pair combinations petdt)mid not alter the transfer results
observed in Experiments 1 and 2. We observedya kasting effect for both low and high
associative strength items in both experimentsyedksas a large main effect of associative
strength in Experiment 1 (but not Experiment 2)osvimportantly, in neither experiment
did we see a trend toward an interaction betwesocetive strength (high vs. low) and
condition (restudy vs. transfer; tested conditiaswexcluded)y’s > 0.50.

Although the finding of no transfer relative totiedy was not anticipated by the
testing effect transfer literature, it is consisterth prior work on word triplets and
arithmetic facts focused on RTs, as we discusséukeimtroduction. Given the wide range
of stimulus types (both verbal and numerical), pafons (both adults and children), skill
levels (both single trial testing in the presemerments vs. extended retrieval practice for
adult arithmetic), prior learning (none in the neisexperiments vs. many hours for adult
arithmetic), and dependent variables (proportiamemd vs. RT) over which high learning
specificity for triplets following recall has bedemonstrated (Rickard & Bajic, 2006;
Walker, Bajic, Mickes, Kwak, & Rickard, 2014), ippears that a substantial degree of
learning specificity due to testing is universaépvarious types of triple associate stimuli.
Theoretical Implications for Triple Associates

The present results suggest that the IE model,hwhias developed as an account
of the specificity of RT learning for multi-elemestimuli in the context of extended
retrieval practice, may extend to the case of glsiretrieval trial and the dependent

variable of proportion correct. As we noted in thegoduction, that model assumes that
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correct retrieval creates a new recall represamtdhiat is independent of the study
representation and can later be accessed on teaairiest only for the tested-identical
item. The present work suggests that even a single ¢oggieval trial can establish an
independent recall representation that can sugpiddequent performance on the criterial
test.

Because transfer in the present study was evaluel&iive to restudy, we cannot
conclude that entirely no transfer of learningdstéd-inverted items took place in
Experiments 1 and 2. Restudy presumably yieldetesdegree of additional learning
(Roediger & Karpicke, 2006b). Thus, positive tf@n®f testing relative to a hypothetical
no-training condition likely did occur in Experimtsrl and 2. The IE model does not
anticipate that transfer. A slightly modified viers of that model might nevertheless be
consistent with the present results, given theipiisg that feedback during training
played less of a role in the previously describ@dsRidies than in the present study. In
the RT studies, accuracy was high throughout tngiand feedback was typically provided
only on incorrect trials. Feedback thus may hdagaal little role in learning, and the
learning due to correct retrieval may have beely agymmetrical in the tested direction.
In the present context of accuracy learning, orother hand, feedback on incorrect trials
is likely to have played an important role in entiag the study memory that is assumed
in the IE model. That enhancement might in tunopsut transfer to tested-inverted items,
under the assumption that feedback processingsyrelaghly symmetrical triplet learning
(much as initial study presumably does) that capce transfer.

According to that account, the nearly equivalergrall performance in the tested-
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inverted and restudy conditions in Experiments d 2ameflects a balance of minimal or no
transfer (even relative to a hypothetical no-iragrcontrol) following correct training test
trials and positive transfer following incorrecitting test trials. Here, feedback is
assumed to be critical for learning on incorreedgrbut inconsequential for learning on
correct trials (for supporting evidence see Fadigelser, Johnson, & Marsh, 2010;
Pashler, Cepeda, Wixted, & Rohrer, 2005). Theedsis independent evidence that
incorrect initial test trials with feedback yieldone learning than does restudy (Butler &
Roediger, 2008; Hays, Kornell, & Bjork, 2013).

Transfer as a function of initial test performande gain insight into the viability
of the hypothesis outlined above, we conducted-postconditional analyses of the first
criterial test block data of Experiment 1. Spegifiy, we explored transfer on that block
separately for tested items that had been answeereglctly versus incorrectly on the initial
test. Thirty-five subjects who had both correal arcorrect initial test observations for
both tested-identical and tested-inverted itemthercriterial test were included. The
results, shown in Table 1.1, are consistent wighlEhmodel outlined above. When the
response for a tested item was incorrect on thi@linést, proportions correct were nearly
identical for the tested-identical and tested-iteeiitems on the criterial test, consistent
with the hypothesis that feedback after an incanest trial produces symmetrical learning
that supports transfer. In contrast, when theaesp was correct on the initial test, we
found a very large specificity of learning effembnsistent with the IE model predictions.

In summary, the results of the conditional analgsigport the hypothesis that, for

triplets at least, feedback on an incorrect tesk promotes the transfer of learning,
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whereas correct answer retrieval (with or withaédback) promotes specificity of
learning. A caveat to that conclusion is the gumbsi of selection bias. Test items that
were answered correctly on the initial test presalgneorrespond, on average, to triplets
that are relatively easy to learn, whereas teststmcorrectly answered correspond to
triplets that are more difficult to learn. Thatfaaises the possibility that the transfer
results are causally related to the intrinsic diffiy of the test items. It is conceivable that
triplets that are difficult to learn intrinsicaliyeld strong transfer, regardless of whether
they are answered correctly on the initial testerehs triplets that are easy to learn
intrinsically yield weak transfer. Although thatgsibility cannot be ruled out on the basis
of the present data, there is no apparent meckaresison to expect it.

Also relevant to the present analyses is performamcrestudy test items on the
first criterial test block. The mean for those femms overall 1 = 0.23,SD= 0.023) was
approximately the same for both tested-identicdl tested-inverted items from triplets
that were incorrectly solved on the initial test,veell as for tested-inverted items from
triplets that had been correctly solved on theahiest (see Table 1.1). Those
comparisons should be interpreted with caution,dwes, because restudied triplets cannot
be grouped into those that would or would not Haeen correctly answered on a training
phase test. If such grouping could be done, itldvaimost certainly yield a lower
proportion correct (i.e., less than the 0.23 foerall restudied items) for restudied triplets
that would have been answered incorrectly on arainest, and a higher proportion
correct (> 0.23) for restudied triplets that wobkd/e been answered correctly on an initial

test. Using that logic, we can draw the followiegtative conclusions for word triplets:
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(1) An incorrect initial test followed by correactgwer feedback produces roughly
symmetric learning that is accessible for bothetgstlentical and tested-inverted (transfer)
items, and (2) correct retrieval (with or withoaetlback) produces substantial learning for
the tested items but minimal transfer of that leayrno tested-inverted items.

Transfer for Triple Associates versus Paired AssHes

The present findings for triple associate word stimontrast strikingly with prior
findings of robust transfer for cue-response realsris the case of paired associates,
provided that training did not yield a high levéloniterion learning (e.g., Carpenter et al.,
2006; Vaughn & Rawson, 2014). Given the design@odedural similarities to the
Carpenter et al. study, it appears that the cdimicgasesults stem from the properties of the
stimuli themselves (pairs vs. triplets) rather tfram other factors.

Why does presenting both a prior stimulus elemadtaprior response element as
retrieval cues — as was the case for tested-irdvé@dgms in this study — prevent access to
the learning that occurred on the initial test, velas that learning can be accessed in the
case of pure stimulus-response reversal for paissdciates? The IE model as it was
originally developed and described above does xyaa@ that difference. However, a
revised version of the IE model that was proposeskplain positive RT transfer results
between multiplication and factoring (Rickard, 2P@Bovides one candidate account. For
those two tasks, the numerical elements of the @igs4 x 7 =?0r28 = __ x ) are
fully reversed for multiplication versus factorin@he transfer item in that case can be
considered a pure reversal of the critical numégtmulus and response elements (the

only elements that varied over items), much likequhassociates. To account for the
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multiplication-factoring transfer, the revised IEbdel incorporated bi-directional
associative links between the stimulus and respeleseents of a tested item. Thus, in the
case of a pure reversal such as multiplicationfacbring, positive transfer is expected.
That version of the IE model maintained the critma@perty of the original IE model,
however, in that the stimulus elements on the fesrisst must be an exact match to either
the previously tested stimulus (or, in the revisemtel, the response) for transfer to occur.
Hence, training on, for example, x = 28should transfer to a “pure numerical
reversal’, e.g.4 x 7 = __, as was observed. However, training on any ofdahewing
problems (e.g4 x 7 = ;28 +4 = ;28 +7 = ) should transfer to neither of the other two
problems in that set, as was observed in severdiest noted in the Introduction. That
version of the IE model can thus account for bbehgtrong transfer for paired associates
in the testing effect paradigm and the poor trarfsiietriplets observed here.
Nevertheless, that model leaves open the impogiaedtion of why an exact match of the
transfer stimulus elements to either the previoesigountered stimulus elements or the
previously encountered response element appebesriecessary for positive transfer
(relative to restudy) to occur. It also does ngilain the recent finding of Vaughn and
Rawson (2014) that the extent of transfer for ghagsociates appears to decrease with
increasing levels of mastery.

The difference in the observed transfer patternsrijole associates versus paired
associates can also be viewed from the perspeatitiaeleast two other theoretical
accounts of the testing effect: the elaborativeeesl model (Carpenter, 2009) and the

mediator effectiveness model (Pyc & Rawson, 20X®cording to the elaborative

39



retrieval model, memory retrieval during testingheates semantic associative paths
between the two cue words (in the present expetshémthe response word, potentially
resulting in multiple retrieval pathways and faailing subsequent improved retrieval,
relative to restudy. From the perspective of thregmator effectiveness model, a similar
process occurs during training tests: Mediatorslthla cues to targets are more effective
on training trials involving a test than on triaisolving restudy, thus enhancing later
recall of tested items (Vaughn & Rawson, 2014).itide of those theories in their current
forms make strong claims about transfer for trglethey do, however, explain testing
effects at an associative level that lends iteethe development of transfer accounts, and
the mediator effectiveness hypothesis has beenstied as a candidate account of the
finding for paired associates that asymmetry hatdsigher mastery levels (Vaughn &
Rawson, 2014).
Educational Implications

Following the recent progression from laboratoryterials to applied materials in
other testing effect domains, it will be importémidetermine whether the present results
for triple associates generalize to educationalgvant multi-element factual materials in
domains such as history (e.gho, what, where, wheandhowtype facts) and biology,
among many others. Although triplet stimuli of tigpe used in this study do not typically
appear in classroom contexts, commonly used shewer and fill-in-the-blank test
guestions often have an analogous multi-elementtsire (e.g., in the question)Vinston
Churchill was the Prime Minister of what countryrohg World War 11?,” the terms

“Winston Churchill, “ Prime Ministet, “ United Kingdory, and “World War II' form a
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guartet). Such questions are often included itbteoks as practice problems, and are a
natural application of test-enhanced learning tarieieducational interventions. It remains
to be determined whether transfer of test-enhatea@ding from one question to another

requiring a different response would occur in ttee.
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Criterial Test Block 1

Criterial Test Block 2

Eniial Test Block 3

. Condition . Condition . Condition
Triplet ) Triplet ) Triplet )

(Restudied (Restudied (Restudied
Number(s) or Tested-) Number(s) or Tested-) Number(s) or Tested-)
1 -ldentical 1 -Inverted 1 -Inverted

2 -ldentical 2 -Inverted 2 -Inverted

3 -ldentical 3 -Inverted 3 -Inverted

4 -ldentical 4 -Inverted 4 -Inverted

5 -ldentical 5 -Inverted 5 -Inverted

6 -ldentical 6 -Inverted 6 -Inverted

7 -Inverted 7 -ldentical 7 -Inverted

8 -Inverted 8 -ldentical 8 -Inverted

9 -Inverted 9 -ldentical 9 -Inverted
10 -Inverted 10 -ldentical 10 -Inverted
11 -Inverted 11 -ldentical 11 -Inverted
12 -Inverted 12 -ldentical 12 -Inverted
13 -Inverted 13 -Inverted 13 -ldentical
14 -Inverted 14 -Inverted 14 -ldentical
15 -Inverted 15 -Inverted 15 -ldentical
16 -Inverted 16 -Inverted 16 -ldentical
17 -Inverted 17 -Inverted 17 -ldentical
18 -Inverted 18 -Inverted 18 -ldentical
19-36 Restudied 19-36 Restudied 19-36 Restudied

Figure 1.1. Example criterial test block design used in Expent 1, with hypothetical
triplet numbers for illustrative purposes. Durthg criterial test, one test item from each
triplet was shown per block, and all 36 tripletp@g@red once per block. All three test
items per triplet were tested over three blockendition indicates whether a test item was
previously presented in the first sessimsted-identicaitems were trained using testing

with feedbackiested-inverteitems were not presented, and the complete triplet

corresponding to eacgkstudiedtem was restudied during training. The same maitéest

block design was also used in Experiments 2 amdtB,the sole difference being a
different number of tested and tested-inverted stper block.
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Figure 1.2. Mean accuracy scores (proportion correct) on theral test of Experiment 1
as a function of criterial test condition and blodkrror bars are standard errors based on
the interaction error term of a within-subjectslgsia of variance on subject mean
accuracy scores (based on the method outlined fiyd & Masson, 1994).
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Figure 1.3. Mean accuracy scores (proportion correct) on theral test of Experiment 2
as a function of criterial test condition and blodkrror bars are standard errors based on
the interaction error term of a within-subjectslgsia of variance on subject mean
accuracy scores.
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Figure 1.4. Mean accuracy scores (proportion correct) on theral test of Experiment 3
as a function of criterial test condition and blodkrror bars are standard errors based on
the interaction error term of a within-subjectslgsia of variance on subject mean
accuracy scores.
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Figure 1.5. Results of the cross-experiment analysis showingmagcuracy scores
(proportion correct) on the first criterial tesbbk of Experiments 1, 2, and 3 for tested-
identical and tested-inverted items (tested-condjinersus restudied items.
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Table 1.1.Conditional analyses of mean proportion correct) (BETested-ldentical and
Tested-Inverted Items on criterial test block ltdfayning phase accuracy in Experiment 1.

Training phase test correct Training phase test incorrect
Tested-identical Tested-inverted Tested-identical Tested-inverted
items items items items
0.61 0.30 0.26 0.23
(0.050) (0.034) (0.051) (0.050)
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Appendix 1A

Triple Associate Word Lists Used in Experiment2,1& 3

ants spray trash
bark dog stick
bat dark cave
beat drum march
bleach stain shirt
boy run field
bus coins line
cheer game score
clock rush late
cloth soap sink
cow grass milk
doctor pills note
farm sun sweat
gift rose wine
girl smile flower
ground snail mist
honk cab traffic
knight castle sword
lion hunt meat
map hike water
mug hand tea
paper ink desk
phone ear sound
plane nap blanket
room key door
ship horn sea
skate fall knee
sky bird rain
sofa laugh friends
street bike car
teeth bite wolf
towel swim pool
tree child swing
voice sing guitar
wall paint frame
warm bread coffee
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CHAPTER 2
Testing with Feedback Yields Potent, but Piecewise,
Learning of History and Biology Facts
Pan, S. C., Gopal, A., and Rickard, T. C. (2016).

Journal of Educational Psychology 1@8, 563-575.

Abstract

Does correctly answering a test question aboutlé-teum fact enhance memory
for the entire fact? We explored that issue i Experiments. Subjects first studied
Advanced Placement History or Biology facts. Hdlthose facts were then restudied,
while the remainder were tested using “5 W” (iveho, what, when, wherer why) or
analogous questions. Each question assessedificsprétical term of the fact. In the first
three experiments, one test question was posegted fact; in the fourth experiment, up
to three different test questions were posed medefact. After at least a 24 hr delay, a
criterial test involved questions that assessedahnge terms that were tested during
training, as well as questions that assessedexeliff term from that previously tested.
Results showed that testing produced piecewisddaming: tested terms benefited
relative to restudy, but untested terms did ndtatTpattern held when either fill-in-the-
blank or multiple-choice questions were used dutiaming, when one or two test trials
were used during training, for both history anddmyy facts, and when more than one term
from each fact was tested during training. Thespss a range of circumstances, taking

tests on complex facts results in a selective mgienefit for tested terms. In analogous
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applied settings, testing on multiple response $eshould promote more comprehensive
retention.
Introduction

“Winston Churchill was Prime Minister of the Unit€thgdom during World War
II.” In domains ranging from astronomy to zoologgtflearning is essential for building
foundational knowledge. Moreover, fact learningfigen the chief goal of learners. The
Advanced Placement (AP) exams, which over 2.2 omil§tudents in the U.S. and Canada
take annually (College Board, 2013a), are a capeim. Those exams typically assess
knowledge of 60 to 80 facts each—a subset of theyrfacts that students typically study
for a year or more. Given the prevalence of faatrling, the question follows: what is the
best way to learn and retain facts? One answerdistrongly backed by learning science:
by taking tests.

The use of tests to improve memory, also knowtesisenhanced learningy
retrieval practice is strongly endorsed by many cognitive and edoicat psychologists
(e.g., Dunlosky, Rawson, Marsh, Nathan, & Willingh&013; Pashler et al., 2007). This
recommendation is backed by extensive work oveadies and across numerous content
domains (e.g., Bjork, 1975; Carrier & Pashler, 1,99ates, 1917; Glover, 1989; for
reviews see Roediger & Karpicke, 2006; Rowland Z0Xarpenter, Pashler, and Cepeda
(2009), for example, showed that taking tests etsfduring an 8 grade U.S. history
course boosts long-term retention by as much askifee end of the course, relative to
restudy. However, most reports of test-enhancachileg (also called thiesting effegt

are subject to a major caveat: the same questrenssad during initial training and
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criterial tests (for discussion see McDaniel, Thep#garwal, McDermott, & Roediger,
2013; Rohrer, Taylor, & Sholar, 2010). The impottquestion of whether test-enhanced
learning of factsransfersbeyond tested content has received comparatigsfydttention.

In a recent brief review, Carpenter (2012) conatutihat testing effects
successfully transfers across changes in test fanthto application questions. Kang,
McDermott, and Roediger (2007), for example, fopoditive transfer of fact learning
when the test format was changed from short anduréng training to multiple-choice on
the criterial test. Further, Butler (2010) repdrpmsitive transfer for application questions
which require inferences from initially tested &¢e.g., from animal wings to aircraft
wings). Successful transfer to application questioas been reported elsewhere (e.g.,
Chan, 2009; Chan, 2010; Chan, McDermott, and Reed®06; Foos and Fisher, 1988;
Karpicke and Blunt, 2011; McDaniel, Howard, andg@in, 2009), although no transfer in
similar contexts has also been observed by Agaf@@dl1) and Tran, Rohrer, and Pashler
(2014). Moreover, there remain other categoridsamisfer of test-enhanced learning that
have seen little research to date.
Testing and Transfer Between Fact Terms

The topic of transfer of test-enhanced learningvbet terms of a fact, which is the
focus of this manuscript, is qualitatively distificim the types of transfer described
above. Itis an important issue because testignestisually do not assess entire facts, but
rather parts of facts. This is especially truenfiti-termfacts, or facts with multiple
critical terms (e.g., the fact which begins thigcée has fourWinston ChurchillPrime

Minister, United KingdomandWorld War 1)). In the classroom and in everyday life, one
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may need to retrieve any of several different tefno a fact. Yet it remains unclear
whether a test question covering one, two, or thkegas of a fact will be sufficient to
memorize the entire fact for later recall. Priesults relevant to that topic are mixed; two
studies show positive transfer of learning from goestion to another from the same fact,
whereas two others suggest no transfer.

McDaniel, Anderson, Derbish, and Morissette (20@dhinistered online fill-in-
the-blank or multiple-choice quizzes on neurosaliacts, and then provided subjects
with delayed, detailed feedback on their perforneanthey observed positive transfer to
multiple-choice unit tests in which previously wsted parts of each fact were assessed
(e.g., from the quiz questioill preganglionic axons, whether sympathetic or
parasympathetic, release as a neurotrdtesirto the unit test questiorAll

axons, whether sympathetic or parasyrepiaihielease acetylcholine as a
neurotransmitte). McDaniel et al. (2013; Experiment 1) reporigasitive transfer for
term-definitionreversals in which multiple-choice classroom guiestions requiring key
terms from science facts as correct responsessmatehed to final multiple-choice test
guestions requiring definitions as correct respsngevice versa (e.g., from the quiz
guestion What is the definition of temperature@hd answerThe measure of the average
kinetic energy of the particles in a substdntcethe criterial test questioiWhat is the
measure of the average kinetic energy of the iddali particles in an object?and
answer Temperatur®.

In contrast to the above studies, neither Hinze\&idy (2011; Experiments 1 and

2) nor Pan, Wong, Potter, Mejia, and Rickard (20di&erved transfer. Hinze and Wiley
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administered fill-in-the-blank tests on portionsadtual science texts, using two blanks
per sentence or paragraph. Uniquely among théestedvered here, no feedback was
provided; the facts themselves were also lengtkier., ‘In mitosis, are
created from a parent cell. Each new cell contarmplete set of chromosomes which
guarantees that they are . When the ditrdsnalign this forms the metaphase
plate which later becomes the location where thiei€split in twd). The criterial test
entailed presenting the same portions of textwitlt the two previous blanks filled and
two new ones added; no positive transfer was fouRecently, Pan et al. (2016)
demonstrated that test-enhanced learning doesamstfer for triple associates (word
triplets such aion, hunt, megt even when correct feedback was provided aften &zst
trial. Performance gains for previously testedsgjioas (e.g.lion, meat, ? did not
transfer, relative to restudy, to new questionpi@viously tested triplets (e.gneat, hunt,
?). Although triplets lack sentence structure, thesailts reinforce the possibility that the
benefits of testing can be highly specific to tdgtarts of a fact-like concept.
The Current Study

The present experiments, which directly extend®ae et al. (2016) triplet design
using authentic educational materials, assessetbtigequences of answering one test
guestion on a critical term of a fact (Experimeli3), or up to three questions, each on
different critical terms of a fact (Experiment #jr mastery of that entire fact. In contrast
to Hinze and Wiley (2011), correct answer feedbaak provided during training. If the
lack of feedback in the Hinze and Wiley study walely responsible for their finding of

no transfer, then positive transfer should be oteskthere. Our feedback is confined,
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however, to presenting the correct answer afteln &gt trial. If the extensive delayed
feedback in the McDaniel et al. (2007) study watsced to their positive transfer effects,
then, based on the findings of Hinze and Wiley Bad et al., no transfer is expected here.
If the term-definition structure of the materialsNMcDaniel et al. (2013) was critical to
their positive transfer results, then again nodfanwould be expected here.

A secondary goal of the current study was to exgpibe role of fact domain
expertise on testing and transfer effects. In exgeriment, subjects with prior AP United
States History, World History, or Biology experiena high school (constituting 25-50%
of subjects per experiment), as well as subjedts mo prior AP course experience,
participated. It is possible that the greater etigefor AP students (if confirmed by
overall performance) affords a richer knowledgeelthat will promote more integrative
processing through testing, and hence better g#an$iearning.

Experiment 1
Method

Subjects.The target sample size in this experiment was 4@;iwis comparable to
that of prior testing effect studies (e.g., Carpeset al., 2009; Hinze & Wiley, 2011;
McDaniel et al., 2007). Undergraduate studentewecruited from the subject pool at the
University of California, San Diego and receivedise credit for their participation.
Students from both lower- and upper-division cosinsere eligible to participate. Subject
ages werd = 21.03,SD =2.53, and ranged from 18 to 31 years. The maj(riyo) of
the sample was female. Data from two subjectsneasinalyzed: one due to a computer

error generating unusable data and the other dieetsubject not returning for the second
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session. The resulting sample size for analyss3a

Materials. Thirty-six history facts were obtained using the BRited States
History and World History preparatory texts prodiibg Barron’s andPrinceton Review
(Armstrong, Daniel, Kanarek, & Freer, 2014; McCamn@014; Meltzer & Bennett, 2014;
Resnick, 2014). The history facts, which averabevards in length, all contain three or
more one-word critical terms which address anyhef‘6 W’'s” (i.e.,who, what when
where orwhy) that are essential for the comprehension ofgheen fact. Moreover, most
critical terms address different categories (evhovs.whai, and thus exhibit minimal
semantic overlap. An example history fact (withnte in italics) is: Overlord an
operation led b¥isenhowerbegan with the invasion dformandy”’ For three critical
terms in each fact, one fill-in-the-blank test digs(e.g., ‘Overlord, an operation led by
Eisenhower, began with the invasion of ") and one corresponding short answer
test question (e.g.Overlord, an operation led by Eisenhower, begarhe invasion of
WHERE?) was created; both questions had the same ond-emrect answer. While
similar in wording and structure to its fill-in-tH#ank counterpart, the wording of the
short answer test question was modified when nacg$s maintain grammatical
accuracy. Overall, the full set of materials irtgd three fill-in-the-blank and three short
answer questions for each fact (further examplesnatuded in the Appendix 2A).

Design and procedureAs illustrated in Figure 2.1, Session 1 contairveal t
phases: the study phase and the training phasendtbe study phase, subjects viewed all
36 history facts, one at a time, for 8 seconds ,eauth in random order determined anew

for subjects. All facts were studied once.
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In the subsequent training phase, facts were ralydassigned for each subject to
one of two lists: the restudy list or the testirsg. | Facts in the restudy list were presented
for 8 s each, using a procedure identical to thét@study phase. Facts in the testing list
were presented as fill-in-the-blank questions viggdback (6 s to type the missing term
followed by the correct answer being shown for @wing which subjects were no longer
allowed to type responses). For tested facts, omdyof the three critical terms per fact
was tested, and the tested term per fact was atnatdced across subjects. All 36 facts
were presented in random order. After all fact b@en trained once, the training phase
ended, and subjects were reminded to return inrg & Session 2.

Session 2, the criterial test, assessed recalh&entire set of 108 answer terms
across all 36 history facts. As illustrated inu¥ig 2.2, the criterial test involved three 36-
trial blocks. Within each block, (1) each fact vessessed once in random order; (2) the
assessment was a short answer test question;hjgctsihad unlimited time to provide a
one-word answer, and (4) no feedback was providie@ach block, the test question for
each fact had a different missing term, such tmatlhree critical terms of each fact were
separately assessed over the three blocks. Fuitiein each block, six of the previously
tested facts had questions with the same missingtteat was to be retrieved as during
training testedquestions) and 12 had a different missing teraméferquestions); the
other 18 questions assessed facts with no prioevat practice estudiedquestions).
Thus, the six facts in the tested condition in kltdi.e., facts having the same missing
term to be retrieved as was the case during tr@inirere assessed in the transfer condition

of block 2 (with the missing term being differerrh that which was tested during
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training), and analogously, six of the facts in tit@sfer condition in block 1 were
assessed in the tested condition of block 2. BBckmpleted that cycling of questions
over the full set of 18 questions that were tesli@ihg training. Question assignment to
blocks on the criterial test was counterbalancettdock order was randomized for each
subject.

The testing of all three critical terms on theamitl test allowed for a
comprehensive assessment of the consequencesing fes each fact. The choice of
short answer test questions for the criterial iestead of, for example, multiple-choice)
was intended to approximate fact retrieval condgiander everyday circumstances, where
cued recall from memory is most common. Moreousmg different types of questions
on the training and criterial tests (rather thdifrithe-blank in both sessions) served to
minimize the possibility that any transfer effectgbtained, could be explained by
superficial learning (i.e., learning related toaadjnt words or sentence structure that could
be used as retrieval cues, as opposed to learhihg €act itself that is generalizable to
later contexts in which retrieval cues are not isahto those of prior testing).

After completion of the experiment, subjects weskeal whether they had taken an
AP History course (on any history topic) in higlinsol.

Data coding and analysisThe sole dependent variable in both the initial and
criterial test analyses was accuracy. Because migimg missing terms are easy to
misspell, two research assistants who were blirgliestion type checked subject
responses for misspelled answers that could be bigaously matched to correctly

spelled answers; these were coded as correct respohiiere and in Experiments 2 and 3,
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separate analyses performed with misspelled wardsdtas incorrect responses yielded
lower overall accuracy but no difference in relatperformance in the tested, transfer, and
restudied conditions.

Results and Discussion

Training phase performanceéverall accuracy on the initial test (involving fli&
in-the-blank test questions for each subject) Mas 0.27,SE =0.03.

Criterial test performanceWe performed a within-subjects factorial Analysis
Variance (ANOVA) on subject-level mean accuracyresdFigure 2.3) with factors of
Criterial Test Condition (tested vs. transfer estudied) and Block (1 vs. 2 vs. 3). In this
and all subsequent analyses, alpha was set at Ul#e were statistically significant
effects of Criterial Test Conditiofr(2, 74) = 25.90MSE= 0.027p < .0001,5,> = 0.41,
Block, F(2, 74) = 41.88MSE= 0.019,p < .0001,7,> = 0.53, but no significant Criterial
Test Condition by Block interactiof(4, 148) = 1.21MSE= 0.024p=.31. The
significant improvement over blocks may reflecemmediate priming effects (e.g., Pan et
al., 2016); because each test question per bleghkadied the correct answers to test
guestions in subsequent blocks, answer primingsfimay have occurred for the second
and third blocks of the criterial test. InspectaFigure 2.3 illustrates the main effect of
training condition: in all three blocks, proportioarrect was higher in the tested condition
than in either the restudy or transfer conditidnplanned follow-up ANOVA limited to
the transfer and restudied conditions yielded asignificant effect of Criterial Test
Condition,F(1, 37) = 2.75MSE= 0.015,p = .11, and no interaction between Test

Condition and BlockF(2, 74) = 2.50MSE= 0.010,p = .089. Overall, the critical finding
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of Experiment 1 is that testing strongly enhanees fiearning, but affords no, or only very
limited, benefits to transfer questions relativedstudy.

Effect of prior AP experiencdn exit surveys, nearly halh(= 18) of the subjects
reported having previously taken an AP History seurTest performance during the
training session was indistinguishable for AP aad-AP student4(30) = 1.49p = .15.
Overall performance on the criterial test, howewars substantially better for AP students,
M = 0.40 vs.M = 0.28,1(29) = 2.32p = .0028,d = 0.77, suggesting better retention for
AP students. The overall pattern of no transfiatire to restudy on the criterial test held
equivalently, however, for AP and non-AP studenfthe percent transfer (where 0%
means that transfer and restudy performance wergagnt, and 100% means that
transfer and tested performance were equivalerd)-8% and -2% for AP and non-AP
students, respectively; for both groups, perforneamt transfer questions was no better,
and numerically worse, than that in the restudmutidion.

Experiment 2

In the second experiment we investigated whetheetrinsfer properties of test-
enhanced learning as established for history fadiperiment 1 would extend to a
physical science domain, namely biology. As evideam a comparison of AP Biology
and AP History exams, the structure of biology$atiffers substantially from history facts
(e.g., reduced frequency whoandwhentype terms and more terms referring to objects
and processes). Itis thus possible that testreublearning for science facts will yield

better transfer than it does for history facts.
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Method

Subjects.Minimum sample size to detect a modest transfecefiias determined
using a priori power analysis. Based on the sta@hdaviation of the criterial test transfer
minus restudied condition proportion correct diéfiece scores in Experiment 1, a sample
size of at least 47 is needed to achieve powerd® @ detect a mean proportion correct
difference score of 0.05 or greater (based on aaitezl, one-sampletest,a = 0.05).
When subject sign-up and data collection were ceted| 58 undergraduates had
participated for course credit. Subject ages Were21.12,SD =3.072, and ranged from
17 to 38 years. Two-thirds (67%) of the sample feasale. All subjects finished both
sessions of the study.

Materials. Thirty-six biology facts were obtained using the Bi®logy
preparatory texts produced Bgarron’s andPrinceton ReviewWGoldberg, 2014; Magloire,
2014). The biology facts had the same definingattaristics (e.g., at least three one-
word critical terms each, average 11 words in lehgs the history facts from Experiment
1. However, unlike in the preceding experimerg,itiformation covered by each fact did
not include geopolitical concepts, persons, or uaihistorical events. An example
biology fact (with critical terms in italics) isTheKrebscycle occurs in thenitochondria
and produceATP.” As before, a fill-in-the-blank test questiondaa short answer test
guestion were created for each of three critiaahseper fact (further examples are
included in the Appendix 2A).

Design and procedureTwo sessions occurred in the same manner as in

Experiment 1, with the following exception: duriBgssion 1, after training on all 36
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biology facts, subjects trained on all 36 factsd@econd time using identical procedures
(i.e., the same fill-in-the-blank question was shdar each tested fact, and the complete
fact was displayed for each restudied fact). Hefardested facts, subjects were asked to
retrieve the same missing term twice. This modifan was motivated by pilot tests,
which suggested that the biology facts may be rddfieult than the history facts.

Results and Discussion

Training phase performancéMean accuracy on the initial test wds= 0.37,SE =
0.03 for the first training block, arid = 0.64,SE =0.03 for the second training block.
The improvement between blocks was statisticatipificant,t(57) = 13.63p < .0001,d =
1.79.

Criterial test performanceA within-subjects factorial ANOVA on subject-level
mean accuracy scores (Figure 2.4) with factorsra€fal Test Condition (tested vs.
transfer vs. restudied) and Block (1 vs. 2 vs.oBnil statistically significant effects of
Criterial Test ConditionF(2, 114) = 57.46MSE= 0.032,p < .0001,,,> = 0.50, Block,

F(2, 114) = 38.27MSE= 0.017,p < .0001,7,> = 0.40, and a significant criterial Test
Condition by Block interactiorf;(4, 228) = 5.60MSE= 0.018,p = .00026,;,> = 0.090.

The interaction corresponds to an increased patfemprovement for transfer and
restudied questions across blocks; however, evehebiinal block, performance on tested
guestions is still greater than for either transferestudied questions by = 0.10,SE=
0.03. As in Experiment 1, a follow-up ANOVA limddo the transfer and restudied
conditions found no significant effect of Criteribést ConditionF(1, 57) = 0.26MSE=

0.022,p = 61, a significant effect of Block(2, 114) = 61.62MSE= 0.013,p < .0001,
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ne® = 0.52, and no significant Block by Condition irgetion,F(2, 114) = 0.40MSE=
0.014,p = 67. These results replicate the findings of Experit 1: testing strongly
benefits fact learning relative to restudy, bu&imanner that is specific to the exact tested
term.

Effect of prior AP experiencel here was a trend toward better training phase test
performance for APn(= 15) than for non-AP subjectg, = 0.28 vsM = 0.16,t(34) =
1.85,p =.07,d = 0.50. Overall performance on the criterial tessagain significantly
higher for AP subjectdyl = 0.71 vs.M = 0.45,t(38) = 6.27p < .0001,d = 1.48,
suggesting better retention for AP students. Tegall pattern of no transfer relative to
restudy held equivalently, however, for AP and Wdhstudents, with the percent transfer
being -6% and 1%, respectively.

Experiment 3

The third experiment investigated whether spedifiof test-enhanced learning
would manifest when multiple-choice test questigather than fill-in-the-blank test
guestions, are used during training. Multiple-cleajuestions are conveniently graded and
are frequently used in educational contexts. Thetire of multiple-choice questions
requires careful consideration of, and adjudicalietween, several possible responses.
Method

Subjects.Fifty-eight undergraduates participated for counsalit. Subject ages
wereM = 20.37,SD =2.38, and ranged from 18 to 28 years. The maj{8id96) of the
sample was female. Six subjects did not retugotaplete the second session; data from

the 52 remaining subjects was analyzed.
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Materials. The 36 history facts from Experiment 1 served @susi for
Experiment 3. The only change was the format sifgeestions during training: instead of
fill-in-the-blank test questions, multiple-choi@st questions were used (examples are
included in the Appendix 2A). Each multiple-chotest question covered one of the three
possible missing terms per fact. There were fowwword answer choices per multiple-
choice test question (A, B, C, or D; one correcdvear and three distractors). Each
distractor was designed to be competitive enougtatoant consideration by subjects
(Little, Bjork, Bjork, & Angello, 2012; Little & Bprk, 2015).

Design and procedureTwo sessions occurred in the same manner as jritre
experiments, except for the use of multiple-choést questions during Session 1. For
each multiple-choice test question, subjects wiarengt s to select one of the four
possible answer choices; the correct answer wasegulently shown for 2 s. There was
one training trial per fact.

Results and Discussion

Training phase performancéMean accuracy on the initial test (18 multiple-a®oi
test questions) wad = 0.73,SE =0.03.

Criterial test performanceA within-subjects factorial ANOVA on subject-level
mean accuracy scores (Figure 2.5) with factorsra&f@al Test Condition (tested vs.
transfer vs. restudied) and Block (1 vs. 2 vs.i8)dgd statistically significant effects of
Criterial Test ConditionE(2, 102) = 34.19MSE= 0.94,p <.0001,;,> = 0.40, BlockF(2,
102) = 67.22MSE= 1.73,p <.0001,5,%> = 0.57, and no significant Criterial Test

Condition by Block interactiorf;(4, 204) = 1.70MSE= 0.037,p=.15. A follow-up
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ANOVA limited to the transfer and restudied coralits found no significant effect of
Criterial Test Conditionk-(1, 51) = 2.48MSE= 0.067,p = .12, a significant effect of
Block, F(2, 102) = 69.59MSE= 1.43,p <.0001,7,> = 0.58, and no significant Block by
Condition interactionk(2, 102) = 1.86MSE= 0.024,p=.16. These results replicate and
extend the findings of the prior experiments: nplétichoice testing strongly benefits fact
learning, but only for the tested term.

Little et al. (2012; see also Little & Bjork, 201%yho also used multiple-choice
tests, had distractors during training tests reapps correct answers to final transfer test
guestions. They observed partial transfer of iegrfor multiple-choice training tests
relative to cued recall training tests (for whiahdistractors were shown). Little et al.
suggested that the act of considering plausibkeaditors that were answers to later test
guestions was the driver of improved transfer pemtnce. This contrasts with the present
experiment, where distractors used on multiple-@hiaining test questions did not
reappear as correct answers to transfer questiotiseccriterial test.

Effect of prior AP experiencel here was no difference in mean test performance
during the training session for AR £ 26) than for non-AP subject$49) = 1.30p = .20.
Overall performance on the criterial test was atslistinguishable in this cask] = 0.41
vs.M = 0.40,t(49) = 0.18p = .86. Percent transfer was 1% and -5% for AP andA®n
students, respectively.

Experiment 4
The fourth experiment investigated the effectsaihing on more than one critical

term per fact. For example, given the fact (wittical terms italicized), Jefferson
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purchased.ouisianafrom theFrencH, it is possible to test each critical term sepayatel
with a different test question (e.g., by askinguwlveho, whatandwhomregarding that
fact). This design addressed two questions. ,Flcss training on two critical terms per
fact promote transfer to a third term on the ciddetiest? If testing with feedback on the
second term during training reactivates memoryHerpreceding test on the first term,
then the second test may result in a more integyrateholistic representation that will
promote transfer to a third term on the critergstt Second, are there increasing or
diminishing returns from expanding the number cfveer terms that are tested during
training? We approached these questions by maatipglthe number of different answer
terms that subjects were asked to retrieve pediatng training (one, two, or three), and
correspondingly the number of times that subje@sevasked to restudy facts during
training.
Method

Subjects.Fifty-two undergraduates participated for coursalir Subject ages
wereM = 19.91,SD =1.68, and ranged from 17 to 26 years. The maj¢ridpso) of the
sample was female. All but seven subjects comghlleteh sessions of the experiment;
data from the remaining 45 subjects was analyzed.

Materials. Fifty-four AP United States History and AP Worldgtbry facts were
used for this experiment. This included the 3@dnisfacts from Experiments 1 and 3,
along with 18 additional facts that were extradtedh the same sources. More facts were
necessary due to the different training conditionSession 1. The extra facts met the

same selection criteria as in prior experimentd,taree fill-in-the-blank and three short
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answer test questions were also created for eath fa

Design and procedureTwo sessions occurred in the same manner as Exgarim
1, with the following modifications. In the traimg phase of Session 1, of the 27 facts
assigned to testing, one-third each were assignbdwte one, two, or three critical terms
tested. Of the 27 facts assigned to be restudiedrresponding number were restudied
once, twice, or three times. Assignment of fasteestudy or testing, as well as to one,
two, or three test or restudy trials during tragniwas counterbalanced across subjects. As
illustrated in Figure 2.6, the training phase feaduthree blocks of 36 trials each; within
each block, there were six trials for the ninedabat were tested on one term or restudied
once across the three blocks, 12 trials for the faets that were tested on two terms or
restudied twice across the three blocks, and a&tor the nine facts that were tested on
three terms or restudied three times across tee thiocks. Fact presentation was
randomly ordered within each block, no fact wasedpd within each block, and there
were no breaks between blocks. By the end offtteettraining blocks, each third of the
54 facts had been tested or restudied once, teidéyree times. Session 1 ended with a
reminder for subjects to return the following daycomplete the second part of the
experiment.

Session 2, the criterial test, occurred 24 hrg &ifééning and assessed subjects’
recall of the entire set of 162 answer terms acal$€s} history facts. This involved three
54-trial blocks that were based on the design eftiiterial test in Experiments 1-3. Asin
the prior experiments, each fact appeared oncbklpek, and a different critical term was

assessed per fact and per block without repeateadh block, there were nine facts each
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per training condition (one, two, or three testeuns or restudy opportunities per block).
Of the nine facts that had been tested once dtrangng, there were three tested and six
transfer questions per criterial test block. Qf tiine facts that had been tested twice
during training, there were six tested and thraedfer questions per criterial test block.
Results and Discussion

Training phase performancéMean proportion correct across all three training
blocks of the initial test wadl = 0.31 SE =0.040) for facts that had one term testdds
0.39 SE =0.031) for facts that had two terms tested, lsind 0.40 GE =0.032) for facts
that had three terms tested. A within-subjectswag ANOVA yielded a significant
effect of terms trained (i.e., facts that wererteai on one, two or three terms across the
three training blocks)(2, 88) = 6.76MSE= 0.098,p =.0019,,2 = 0.13. In the context
of correct answer feedback, which allows for regtofdthe entire fact on each test trial
regardless of accuracy, the improved performanee the number of terms trained was
expected.

Criterial test performanceWe first performed a within-subjects factorial ANAV
on subject-level mean accuracy scores (Figurevidti)factors of Criterial Test Condition
(tested vs. transfer vs. restudied), Block (1 wes.23), and Number of Trained Terms or
Restudy Trials (one vs. two). As there were nodfer questions for facts that had three
terms tested during training, this analysis wadined to data from the facts that had two
tested terms or two restudy trials. The ANOVA gad statistically significant effects of
Criterial Test ConditionE(2, 88) = 35.32MSE= 2.27,p <.0001,/,> = 0.44, and Block,

F(2, 88) = 28.78MSE= 1.53,p <.0001,,,? = 0.40, no significant effect of the Number of
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Trained Terms or Restudy Trials(1, 44) = 1.94MSE= 0.11,p = .17,and no significant
interaction effectsg’s > .17). A follow-up ANOVA limited to the transfemd restudied
conditions (and again limited to facts which wegstéd on two terms or had two restudy
trials) yielded no significant effect of Criteridest ConditionF(1, 44) = 3.17MSE=
0.14,p = .082, a significant effect of Block(2, 88) = 28.39MSE= 1.35,p <.0001,,,?

= 0.39, no significant effect of Trained Terms @skRuidy TrialsF(1, 44) = 3.19MSE=
0.21,p=.081, and no significant interactionsy > .35). These results replicate the
findings of no transfer relative to restudy obsdrirethe prior experiments. They also
extend those findings in an important respect: evieen two terms are testing during
training, there is no transfer of test-enhancethieg to a previously untested term.

To assess the effect of expanding the number efaemerms tested during training
on overall acquired knowledge for each fact, wdgrered a within-subjects factorial
ANOVA on mean accuracy scores (Figure 2.8) fromfittse criterial test block, with
factors of criterial test condition (Combined teséad transfer vs. restudied) and Number
of Tested Terms or Restudy Trials (1 vs. 2 vs.Bjpcks 2 and 3 were not included in this
analysis because the overall pattern of resuldack 1 was replicated in those blocks in
the prior analyses and because block 1 providepuhest and most sensitive measure of
training effects. By combining the tested andgfanconditions in this analysis, we were
able to assess the effects of testing on one,dwhyree terms per fact on memory for the
entire fact. That approach to data analysis dirextdresses the educationally important
guestion of whether testing with feedback yieldsidishing, constant, or increasing

learning effects for the fact as a whole, as ationof the number of terms tested.
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There were statistically significant effects oft€rial Test Conditionf(1, 44) =
36.49,MSE= 1.38,p <.0001,/p> = 0.45, and Number of Trained Tern2, 88) = 20.84,
MSE= 0.58,p <.0001,7p> = 0.32. The apparent interaction between thoderam
Figure 2.8, however, did not reach statistical isicgnce,F(2, 88) = 2.33MSE=0.12,p
=.10. Thus, with respect to fact memory as a whekd;enhanced learning appears to
increase linearly as a function of the number aihed terms, whereas repeated restudy
may have diminishing returns. The linear increag@oportion correct for tested items is
consistent with the hypothesis that learning intth&ing phase occurs independently for
each question-term combination of a fact (for edadiscussion see Pan et al., 2016).

Effect of prior AP experiencel here was significantly better training phase test
performance for APn(= 14) than for non-AP subjectdg, = 0.46 vs.M = 0.34,t(37) =
2.07,p =.046,d = 0.61. Overall performance on the criterial tessabso significantly
higher for AP subjectdyl = 0.60 vs.M = 0.44,t(37) = 32.26p = .0090,d = 0.86.
Extending the results from the preceding experigighe percent transfer, averaged over
all criterial test blocks and across the one, taval three items tested or restudy trials
training conditions, was -9% and -5% for AP and-Adhstudents, respectively.

General Discussion

The foregoing experiments assessed whether testilogie or more critical terms
of a fact benefits long-term memory for the entaet. The results demonstrate that, under
educationally important circumstances, testingmaaluce potent, but piecewise, fact
learning. Despite consistently large testing ¢&§€88%, 38%, 29%, and 41% higher

proportion correct for testing vs. restudy in Expants 1, 2, 3, and 4, respectively), those

75



effects were entirely specific to tested terms, #ede was no positive transfer to untested
terms relative to restudy. Indeed, in each expeminthere was a non-significant trend
toward negative transfer. That lack of transfddHer both history and biology facts,
when either fill-in-the-blank or multiple-choice ggtions were used during training, when
a single term was tested twice during training @xpent 2) and when more than one
term was tested during training (Experiment 4).céxdingly, we expect that these
findings will generalize to other subject materiatgl types of training tests.
Conditions of Transfer and Theoretical Implications

As noted in the Introduction, the results from phier literature on transfer
between terms of facts are mixed, with two of fetudies demonstrating positive transfer
relative to restudy. We suggest that those caimigasesults can be integrated by two
principles. First, if there is extensive feedbablout the entire fact between training and
the criterial test, positive transfer may be obedrvin McDaniel et al. (2007), subjects had
unlimited opportunities to view online feedbackhaitit any time limit over one week, in
preparation for a later test. That extended feeklimlikely to have been processed most
thoroughly for incorrectly answered test questi@mgl that processing, which constitutes a
form of restudy, may have yielded positive transétative to restudy on the criterial test.
By that account, the event of testing in itself was the primary basis for transfer in that
report; rather, it is additional learning due talier study opportunities. Second, positive
transfer may occur when facts have an explicit tdafinition structure, as in McDaniel et
al. (2013). If subjects have a learning goal asbagating a term and a definition (perhaps

because they expect a test of that type), them¢gsbenefits may be analogous to that for
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paired associates, which also exhibit positivesian(Carpenter, Pashler, & Vul, 2006).
In other words, if a given fact can be logicallganized as two components, it may be the
case that such a structure is more easily leamedhe@nce more transferrable than more
complex materials. We have neither evidence rtaitian about that possibility, but
rather note it here as a plausible integrative actoFinally, if neither of the conditions
above hold, as in the current experiments, thedPah (2016) experiments, and the Hinze
and Wiley (2011) experiments, then no transfer ballobserved relative to restudy.
Further research to test those hypotheses is needed

From the broader theoretical perspective, the atinesults support specificity-of-
learning accounts of memory representations folhgwetrieval practice for multi-term
stimuli, such as the identical elements model (Ridlet al., 1994; Rickard & Bajic, 2006;
Rickard & Bourne, 1996). That model, originallyetoped to account for response time
gains following training on arithmetic facts, holtist successful retrieval after initial
study establishes a new and separate recall repagisa for that particular stimulus-
response configuration. That memory representagionly accessible when the stimulus-
response configuration that was previously trailsgatesented; for instance, a particular
set of operands in a multiplication fact (e.g.,Kia et al., 1994) or specific words from a
word triplet (e.g., Pan et al., 2016). The curexperiments add a more complex category
of stimuli, namely multi-element facts, to the ligtmaterials that are subject to the
specificity principles outlined by the identicaéeients model. It remains to be
determined, however, whether the same results wapgty if the to-be-learned materials

are different from the facts used in the curremtigt(such as, for example, conceptual
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knowledge).

The current results also suggest that transfezstfénhanced learning is not
substantially modulated by expertise level, attlé@smulti-term facts. In three of the four
experiments, AP students performed significantly smbstantially better overall on the
criterial test than did non-AP students, confirmihg expected higher expertise.
However, there were no significant differencesamsfer results for those two subject
groups. Indeed, performance in the transfer cardfor both groups was slightly poorer
than performance in the restudy condition in atl dme instance (AP students: -3%, -6%, -
1%, and -9%; non-AP students: -2%, 1%, -5%, and fé&t%xperiments 1, 2, 3, and 4,
respectively). Based on those results, higherrtispan fact domains apparently does not
result in more integrated processing during thieainiest that could support transfer.

A caveat to the above conclusion is that specKjeetise for the assessed AP facts
was not directly manipulated in the current expenis. In future studies, the role of
expertise on transfer could be further examinegroyiding additional time in one
condition to review relevant or related subjecttergprior to the training phase (thus
facilitating greater expertise and contextual krexgle), or by presenting related facts
sequentially in one condition, as for example imR009; Experiment 1).

The trend toward poorer performance in the transfadition than in the restudy
condition, while not significant, raises the posggipof negative transfer. Anderson,

Bjork, and Bjork (1994) and others have also obsgnvegative transfer following testing
using the retrieval-induced forgetting paradignhaifparadigm differs markedly from that

of the current study, however. In the case ofeedi-induced forgetting, testing on
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specific category exemplars typically results i@ recall of other category exemplars,
relative to exemplars from categories that weretested or restudied at all, and often only
after a relatively short (< 24 h) delay intervah@d, 2009). In the current study, the terms
of each tested fact were from different categotiesisfer was compared against restudy
rather than no re-exposure, and longer delays usad. It is thus difficult to draw
inference about possible relations between thossdgans.

Practical Implications for Testing on Facts

The present transfer results are educationally rlapbgiven that a large portion,
and perhaps the majority, of facts that learnec®enter in many educational contexts are
multi-term facts rather than paired-associate wnidefinition type materials. AP facts
exemplify this pattern. In the latest AP World téiy, U.S. History, and Biology practice
tests (College Board, 2011; College Board, 2012leGe Board, 2013b), assessed facts
have, by our analysis, an average of four testaias, and few have an explicit paired-
associate or term-definition structure (althougkadly such facts are also encountered in
other educational contexts). Multi-term facts e#so be found in a wide variety of high
school, college, technical, and other courses.sTkinowledge of the transfer properties of
multi-term facts is essential to efforts to optimiearning in applied contexts.

Of immediate impact to learners, our results inidid¢hat instructors should not
expect that one test question will typically befisignt to memorize an entire fact. Unless
training tests target multiple (or in the best-casenario, all) terms of each fact, a selective
memory benefit can result. This finding is parély important given that practice

tests—for instance those at the end of textbooktehs—often assess factual knowledge
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with a single fill-in-the-blank, short answer, ouliple-choice question per fact.
Fortunately, redesigning practice tests to soliephoblem is a relatively simple task: ask
more than one question per fact, and ensure tlegtigns comprehensively target all parts
of each fact. The results from Experiment 4 ingi¢hat learning rate does not diminish as
the number of tested terms is increased.

Although the present experiments were not focusea comparison of test
formats, the results from Experiments 1 and 3, tvinere identical except for the format
of test questions during training (fill-in-the-blaxs. multiple-choice), indicate that both
types of tests yield potent testing benefits, hat fill-in-the-blank questions with
feedback may produce a larger benefit for tested4€9% greater mean difference in
proportion correct vs. restudy). That apparenpalisy in criterial test performance is
consistent with prior findings of larger testingeets following training with short answer
vs. multiple-choice tests (e.g., Butler & Roedig&07; Duchastel, 1981; McDaniel et al.,
2007).

Maximizing Test-Enhanced Fact Learning

Future work may examine whether there are trainorglitions that reliably
produce transfer of test-enhanced fact learning fooe term to another—increasing the
degree to which tests benefit fact learning. Allogumore extensive feedback, as in
McDaniel et al. (2007), is one possible stratemstructional strategies that promote more
integrative processing (e.g., Chan et al., 200&nCR009) are another option. From the
perspective of optimizing learning efficiency, hoxee the extra time required for such

approaches, relative to that required for testimg eariety of answer terms, must be
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factored into any systematic evaluation. Moreowuetil such techniques are consistently
demonstrated, a strategy of testing on as mang pégach fact as possible stands as the

most promising solution for successful fact leagnin
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Restudy Testing
Study Study fact Study fact
Phase Jefferson purchased Louisiana from the French. Martel defeated Moors in battle at Tours.
Session 1 ‘ ‘
Training Restudy fact Test question with feedback
Phase Jefferson purchased Louisiana from the French. ____ defeated Moors in battle at Tours?
Restudied question Tested question
Criterial WHO purchased Louisiana from the French? WHO defeated Moors in battle at Tours?
. Test Restudied question Transfer question
Session2 — (Zgliyecj Jefferson purchased WHAT from the French? Martel defeated WHOM in battle at Tours?
rs;
3 blocks) Restudied question Transfer question
Jefferson purchased Louisiana from WHOM? Martel defeated Moors in battle WHERE?

Figure 2.1. Experiment 1-3 procedure and example stimuli (Expent 1) involving

training through testing (right) and training thgburestudy (left). Training condition was
manipulated within-subjects. (1) Study phase: eciisjview all 36 facts, one at a time. (2)
Training phase: facts trained via testing with etk or restudy. In Experiments 1 and 2,
fill-in-the-blank test questions are used; in Expent 3, multiple-choice test questions are
used. (3) Criterial test: recall for all 108 arél terms across 36 facts is assessed. There
are three 36-trial blocks, within each of which apestion per fact is shown. For
previously restudied facts, all three criteriak ggestions are in threstudiedcondition;

for previously tested facts, two questions ardnatriansfercondition, and one is in the

testedcondition.
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Criterial Test Block 1 Criterial Test Block 2 Criterial Test Block 3

Fact Final Test Fact Final Test Fact Final Test
number(s) Condition number(s) Condition number(s) Condition
1 Tested 1 Transfer 1 Transfer
2 Tested 2 Transfer 2 Transfer
3 Tested 3 Transfer 3 Transfer
4 Tested 4 Transfer 4 Transfer
5 Tested 5 Transfer 5 Transfer
6 Tested 6 Transfer 6 Transfer
7 Transfer 7 Tested 7 Transfer
8 Transfer 8 Tested 8 Transfer
9 Transfer s 9 Tested = 9 Transfer
10 Transfer 10 Tested 10 Transfer
11 Transfer 11 Tested 11 Transfer
12 Transfer 12 Tested 12 Transfer
13 Transfer 13 Transfer 13 Tested
14 Transfer 14 Transfer 14 Tested
15 Transfer 15 Transfer 15 Tested
16 Transfer 16 Transfer 16 Tested
17 Transfer 17 Transfer 17 Tested
18 Transfer 18 Transfer 18 Tested
19-36 Restudied 19-36 Restudied 19-36 Restudied

Figure 2.2. Example criterial test block design used in Expenis 1-3, with hypothetical
fact numbers for illustrative purposes. During thigerial test in Session 2, one critical
term from each fact was tested per block, and@fa8ts appeared once per block. All
three terms per fact were tested over three blo€kgerial test condition indicates
whether the missing term was previously retrievwedtéd), not previously retrieved, but
from a tested fact (transfer), or from a fact tvas not previously tested (restudied),
during Session 1.
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—@—Tested =M@= Transfer =/ Restudied
0.9

0.8 ~

0.7 -

0.5 ~

0.4 ~

0.3 ~

Proportion of Facts Correctly Answered

0.1 ~

1 2 3
Criterial Test Block

Figure 2.3. Results from Experiment 1: mean accuracy perfagaedor history fact
guestions on the criterial test as a function oétlhibr the missing term was previously
retrieved (tested), not previously retrieved, lvatif a tested fact (transfer), or from a fact
that was not previously tested (restudied). Hbpaos are standard errors based on the
interaction error term of a within-subjects anadysi variance on subject mean accuracy
scores (based on Loftus & Masson, 1994).
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—@—Tested =M@= Transfer =/ Restudied
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Figure 2.4. Results from Experiment 2, in which subjectsrtedi twice per fact during
training: mean accuracy performance for biology tpaeestions on the criterial test as a
function of whether the missing term was previouslyieved (tested), not previously
retrieved, but from a tested fact (transfer), onfra fact that was not previously tested
(restudied). Error bars are standard errors basdhde interaction error term of a within-
subjects analysis of variance on subject mean acgscores (based on Loftus & Masson,
1994).
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Figure 2.5 Results from Experiment 3, in which multiple-atetest questions were used
during training: mean accuracy performance fordnjstact questions on the criterial test
as a function of whether the missing term was joasly retrieved (tested), not previously
retrieved, but from a tested fact (transfer), onfra fact that was not previously tested
(restudied). Error bars are standard errors basdbe interaction error term of a within-
subjects analysis of variance on subject mean acgwacores (based on Loftus & Masson,
1994).

87



Training Block 1 Training Block 2 Training Block 3

Fact Training Fact Training Fact Training
number(s) Condition number(s) Condition number(s) Condition

1 1 term tested 4 1 term tested 7 1 term tested
2 1 term tested 5 1 term tested 8 1 term tested
3 1 term tested 6 1 term tested 9 1 term tested
10 2 terms tested 16 2 terms tested 10 2 terms tested
11 2 terms tested 17 2 terms tested 1 2 terms tested
12 2 terms tested 18 2 terms tested 12 2 terms tested
13 2 terms tested 13 2 terms tested 16 2 terms tested
14 2 terms tested 14 2 terms tested 17 2 terms tested
15 2 terms tested 15 2 terms tested 18 2 terms tested
19-27 3 terms tested — 19-27 3 terms tested — 19-27 3 terms tested
28 1 restudy trial 31 1 restudy frial 34 1 restudy trial
29 1 restudy trial 32 1 restudy frial 35 1 restudy trial
30 1 restudy trial 33 1 restudy frial 36 1 restudy trial
37 2 restudy trials 43 2 restudy trials 37 2 restudy trials
38 2 restudy trials 44 2 restudy trials 38 2 restudy trials
39 2 restudy trials 45 2 restudy trials 39 2 restudy trials
40 2 restudy trials 40 2 restudy trials 43 2 restudy trials
41 2 restudy trials 41 2 restudy trials 44 2 restudy trials
42 2 restudy trials 42 2 restudy trials 45 2 restudy frials
46-54 3 restudy trials 46-54 3 restudy trials 46-54 3 restudy trials

Figure 2.6. Example training block design used in Experimerdssion 1, with
hypothetical fact numbers for illustrative purpadesr tested facts, a different missing
term was assessed on each test trial acrossed! bthocks. For restudied facts, the entire
fact was presented on each restudy trial. Of th&aéts in this experiment, 9 each were
assigned to the 1, 2, and 3 tested term or restiadyraining conditions. In each 36-trial
block, equal distribution of facts in the differdrdining conditions was accomplished by
presenting 3 facts in the 1 term tested conditofacts in the 2 terms tested condition, and
9 facts in the 12 terms tested condition. A cqroesling number were presented in each
of the restudied conditions.
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Criterial Test Block 1
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Figure 2.7. Results from Experiment 4. mean accuracy perfagador history fact
guestions by training condition (1, 2, or 3 tedns or restudy trials) per criterial test
block as a function of whether the missing term pya&viously retrieved (tested), not
previously retrieved, but from a tested fact (tfanjs or from a fact that was not previously
tested (restudied). Error bars are standard efritre mean.
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Figure 2.8. Experiment 4 mean accuracy performance for hidtmt questions by

training condition (1, 2, or 3 tested terms orudsttrials) on the first block of the criterial
test, as a function of whether the fact was presfiotested at least once (tested + transfer
guestions combined) or not previously tested atreditudied). Error bars are standard
errors based on the interaction error term of &imdsubjects analysis of variance on
subject mean accuracy scores (based on Loftus &dtad.994).
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Appendix 2A

Training and Criterial Test Question Examples

Exp. Subject Type Example
1,4 AP History Training fac An edict signed by Henry in Nantes gave rights advidists
Fill-in-the-blank  An edict signed by in Nantes gave rightsatvi@ists
An edict signed by Henry in ___ gave right€#dvinists.

An edict signed by Henry in Nantes gave rightsto
Short answe An edict signed by WHO iNantes gave rights to Calvinis

WHERE did Henry sign an edict giving rights to Gaists"

An edict signed by Henry in Nantes gave rights td@W17

2 AP Biology  Training fac During glycolysis, sugar is broken down into pyre.
Fill-in-the-blank  During glycolysis, sugar is broken down into ___
During ___, sugar is broken down into pyru\
During glycolysis, _ is broken down into pyrte
Short answe Sugar is broken down into pyruvate during WH;,

During glycolysis, WHAT is broken down into pyrueé

During glycolysis, sugar is broken down into WH/

3 AP History Fac Darrow defended Scopes over his teaching of el
Multiple-choice defended Scopes over his teachirevolution
a. Bryan c. Hunter
b. Darrow d. Butler
Darrow defended over his teaching of evah
a. Scopes c. Hicks
b. Stewart d. Raulston

Darrow defended Scopes over his teaching of _

a. religion c. evolution
b. creationism d. segregation
Short answe WHO defended Scopes over his teaching of evolu

Darrow defended WHOM over his teaching of evolut

Darrow defended Scopes over his teaching of WHAT
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CHAPTER 3
Does Retrieval Practice Enhance Learning and Teansf
Relative to Restudy for Term-Definition Facts?
Pan, S. C. and Rickard, T. C. (2017).

Journal of Experimental Psychology: Applied 283 278-292.

Abstract

In many pedagogical contexteym-definitionfacts which link a concept term (e.g.,
“visior) with its corresponding definition (e.g.tHe ability to se§ are learned. Does
retrieval practice involving retrieval of the tefgiven the definition) or the definition
(given the term) enhance subsequent recall, relaivestudy of the entire fact?
Moreover, does any benefit of retrieval practicetfe term transfer to later recall of the
definition, or vice versa? We addressed thosetoumssin four experiments. In each,
subjects first studied term-definition facts andrttirained on two-thirds of the facts using
multiple-choice tests with feedback. Half of tkeettquestions involved recalling terms;
the other half involved recalling definitions. Themaining facts were either not trained
(Experiment 1) or restudied (Experiments 2-4). 83 delayed multiple-choice
(Experiments 1-2) or short answer (Experiments Beriterial test assessed recall of all
terms or all definitions. Replicating and extergdprior research, retrieval practice yielded
improved recall and positive transfer relative totraining. Relative to restudy, however,
retrieval practice consistently enhanced subsegeemtretrieval, enhanced subsequent
definition retrieval only after repeated practiaad consistently yielded at best minimal

positive transfer in either direction. Theoretiaad practical implications are discussed.
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Introduction

“What is vision?” “What is the ability to see cal®” Those two questions refer to
one another: the first asks for the definition e&an (e.g.yision), while the second asks
for the reverse. The underlying fact that linkes two questionsVision is the ability to
seé) is aterm-definitionfact: an “A-is-B” formatted fact that links a comtdi.e., term)
with its corresponding definition. Term-definitidacts are ubiquitous across numerous
subject areas, ranging from commonly learned acadeomcepts (e.g., the definition of
photosynthesis biology) to more specialized domains (e.g.,dbénition ofaileronin
aeronautical engineering). Mastery of such faotsides a prerequisite foundation for
thinking, problem solving, and other higher ordals (Willingham, 2009). To be
competent in a given domain, one must master irapbterminology and concepts, and
the learning of term-definition facts can be esséitdward that end.

One promising method for learning term-definitfants isretrieval practice a
technique which involves attempting recall of telearned information (e.g., by taking a
practice test). The benefits of retrieval prac{also known as thiesting effecandtest-
enhanced learningamong other appellations), relative to contreksasuch as no training
or restudy, have been demonstrated across a wide @& materials, for learners both
young and older (Meyer & Logan, 2013), and acraferdnt levels of memory ability
(Pan, Pashler, Potter, & Rickard, 2015). Accorbjinghany learning researchers now
classify retrieval practice as one of the most sblearning techniques available (e.qg.,
Brown, Roediger, & McDaniel, 2014; Dunlosky, Rawsbtarsh, Nathan, & Willingham,

2013) and recommend its implementation in schaats (Pashler et al., 2007).
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The two basic methods of using retrieval pradiiceerm-definition facts—namely
to recall the termtérm-responsegiven the definition or recall the definitioddfinition-
responsggiven the term—are the focus of this manuscrijgbre specifically, we address
three questions: (a) does retrieval practice irféhm of term-response or definition-
response confer memory benefits for the same regpom a later test?; (b) are any such
benefits observed relative to a restudy controddmn?; and (c) do any such benefits
generalize, otransfer, to the reversed case; that is, does learningalagerm-response
test transfer to a definition-response test, and versa?

The comparison of retrieval practice against audystontrol condition (as
opposed to a no training control, which has been irs several prior studies that are
relevant to the present topic, as discussed latiris manuscript) addresses the important
pedagogical issue of whether there is a benefitadtice testing over alternative learning
strategies. Given a finite amount of availablenésy time, should learners use practice
testing or study when learning term-definition &ttStudy (and restudy) is used more
often by students than is practice testing (e.grnkll & Bjork, 2007). Further, unlike a
no training condition, the restudy condition allogetrol for time on task and for
reexposure to materials (Carrier & Pashler, 1992).

To date, two studies have addressed the iss@awfihg and transfer for term-
definition facts following retrieval practice (fan overview of the larger literature on
retrieval practice and transfer of learning, seg€ater, 2012; for a meta-analytic review,
see Pan & Rickard, 2018). As described in theWwalhg section, both studies

demonstrated positive transfer. Neither, howeaedressed the case of transfer relative to
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a restudy control for the simplest case implemeriaif retrieval practice that is most
likely to be used in educational contexts. Furtsardies involving such basic
implementations of retrieval practice on facts thanot explicitly have a term-definition
structure have often shown no positive transfeatined to a restudy control (e.g., Agarwal,
2011; Hinze & Wiley, 2011; Pan, Gopal, & Rickar®18).
Retrieval Practice and Transfer Between Fact Terms

In a classroom study, McDaniel, Thomas, AgarwalDdienott, and Roediger
(2013; Experiment 1) had"grade students take three identical multiple-ahaelicker
quizzes with feedback on term-definition facts oserapproximately 11-day period. The
quizzes covered two-thirds of the facts that sttglerre learning across three academic
subjects: cells, machines/energy, and animalsf dfiéhe quiz questions required term
retrieval, and half required definition retrievalhe remaining one-third of the materials
was not practiced. A multiple-choice criterialtiesdministered one day after the third
practice quiz, had three conditions: (a) questtbaswere identical to those that were used
during practice quizzes (e.g., term-response oh)p(i)term-definition reversalée.g., if
retrieval practice on a given fact involved terrtrieval, the criterial test question on that
fact involved definition retrieval, or vice verdence the label “reversal”), and (c)
guestions on facts that had not been trained. b&tantial testing effect was observed
relative to no training, as well as substantiahsfar of that effect; that is, there was
roughly equivalent performance in the first andosetconditions, in the context of much
poorer performance in the third, no training coiodit

The results of McDaniel, Thomas, et al. (2013)gasg that retrieval practice holds
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substantial promise at enhancing learning and feaf@r term-definition facts. However,
the authors acknowledged that their experimentsigdemay limit the generalizability of
their findings. It was impossible in that experimh#o fully control for time on task,

outside study activities, and the effects of stiaeotivation on the final exam (which
accounted for half of the course grade). For exaniis likely that students attended
particularly well to the feedback for incorrectlysavered quiz questions, and used that
feedback to guide their subsequent outside stutilytees. Further and perhaps most
importantly, transfer was assessed against a martgacontrol. Although the authors
speculated that significant testing and transfloes would still have been observed had a
restudy control condition (which is expected toduce at least some learning) been used,
that possibility was not empirically tested.

In relation to that last issue, McDaniel, Buggy,Land Brick’s (2015) study of
retrieval practice and term-definition facts incorgted a restudy control. In each of two
experiments, subjects studied a research methgdartd then trained two days later on
that text using test-test-test (TTT), test-studst-{@ST), or study-study-study (SSS)
schedules. Retrieval practice involved answeringudtiple-choice term- or definition-
response question comparable to those of McDareimas, et al. (2013; Experiment 1),
as well as a multiple-choi@pplicationquestion for each fact. The application question
involved identifying the term which best matchepravided example (e.gYou take a
test and score very high; a week later you takesttrae test and score moderately; this
testlacks __ ?for which the answer ieliability). Feedback was not provided in

Experiment 1 but was provided in Experiment 2. @&»hort answer criterial test
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administered four days after training, positivensifer to term-definition reversals was
observed for the TTT and TST groups in Experimeand only for the TST group in
Experiment 2, relative to restudy (the SSS conljtio

McDaniel, Bugg, et al. (2015) reached a similaratosion as McDaniel, Thomas,
et al. (2013), namely that retrieval practice aasutt in transferrable learning for term-
definition facts. However, that evidence of postiransfer was obtained with a multi-
session paradigm in which training entailed repdigtanswering two types of questions
per fact (a term- or definition-response questi®mvall as an application question), plus
(for the more potent TST condition) re-readingeofttin between practice tests. Thus, the
guestion of whether a more basic implementatiorewfeval practice (i.e., without re-
reading of materials between tests, additionaliegibn questions, or necessarily
involving repeated testing) enhances transferdonidefinition facts, relative to restudy,
remains unaddressed.

That simplified form of retrieval practice—hencsforeferred to aanelaborated
retrieval practice (i.e., practice testing withdbrtorrect answer feedback but no other
elaborative processing or added post-retrievaVitiets)—is characteristic of studies that
use facts without a term-definition structure.tinse studies, unelaborated retrieval
practice typically does not enhance transfer frara part of a fact to another, relative to a
restudy control. For example, Pan, Gopal, et28l16) had subjects study facts from
Advanced Placement (AP) History and Biology coulgeg., ‘Jefferson purchased
Louisiana from the French’and then take practice tests with feedback oivihaial

words from those facts (e.gWHO purchased Louisiana from the French?’Across
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four experiments, they consistently found robusting effects on criterial test questions
that involved recall of the same words as duriagitng. However, there was no evidence
of positive transfer to criterial test questionattimvolved recall of different words from
previously tested facts (e.gJefferson purchased WHAT from the French?®lative to
restudy. That result occurred whether training imeghort answer or multiple-choice
format, with single or multiple practice trials dact, and for history and biology facts.
Accordingly, the authors concluded that retrievaqgtice confers potent, but piecewise,
learning benefits for AP and similar types of facts

The findings of Pan, Gopal, et al. (2016) buildpsior work which suggests that
unelaborated retrieval practice yields highly sfie@nd nontransferable learning for
complex facts (e.g., Hinze & Wiley, 2011) and othgres of stimuli with multiple
elements (e.g., word triplets as in Pan, Wong,dPollejia, & Rickard, 2016). It thus
appears that transfer from one response elemamidtiter following unelaborated retrieval
practice is weak for stimuli with multiple terms @&ements, and does not exceed the
learning that occurs through restudy. None ofelgiadies, however, used term-definition
facts as materials.

Despite the counter-evidence discussed aboveeaisen to suspect that
unelaborated retrieval practice for term-definitfants may yield transfer relative to
restudy is that such transfer is observed for sirally analogous paired associates. Term-
definition facts have an apparent two-element, ieem — definition) associative structure
as is the case for paired associates (for pridogies of fact learning to paired associates,

see Mozer, Howe, & Pashler, 2004; Rohrer, Taylo§t#lar, 2010; for related discussion
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see McDaniel, Thomas, et al., 2013). Carpenteshileg and Vul (2006) demonstrated
potent transfer of learning from one response ehtmiea paired associate to another
following cued recall practice tests (e.qg., for wiard pairbeach— blanket a cued recall
test onbeach— ?resulted in better criterial test performancebtanket— ?, relative to
restudy). This finding was subsequently replicaigdheng (2014) using a multiple-
choice training format (in which the cue from a dqair was presented on each practice
test trial, with subjects having to select oneaifrfpossible answers). These results
suggest that retrieval practice may yield trangfieen the to-be-learned materials involve
forming associations between only two elementss #se case, on the surface at least,
with terms and their definitions.
The Current Study

To investigate whether unelaborated retrieval jpra@nhances learning and
transfer for term-definition facts, we conductedrfexperiments. The design and
procedures were adapted from the paradigm usedrin®opal, et al. (2016). In contrast
with prior work on term-definition facts, we did thgair each term- or definition-response
practice test question with an additional applmatjuestion, nor did we provide the
opportunity for additional exposure to the factssale the experiment. Our
implementation of retrieval practice can be comgadocesimilar implementations of
practice test questions in educational contextsh sis those provided at the end of
textbook chapters or given by an instructor in abesof a high-stakes final exam.

Experiment 1 was designed as a conceptual rejplicat McDaniel, Thomas, et

al.’s (2013) results, in which retrieval practicelaransfer effects were observed relative
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to a no training control. To foreshadow, the risstullly replicated their findings. In
Experiments 2-4 we investigated, for the first tjirtnee learning of term-definition facts
under conditions of unelaborated retrieval practgea restudy control (which, as we
argued above, is more informative from an educatiperspective).
Experiment 1

The first experiment aimed to determine whethemibstive transfer relative to a
no training control, as observed by McDaniel, Therahal. (2013; Experiment 1), would
replicate in a laboratory experiment with universitudents and for the case in which
retrieval practice consisted of a single practes trial with feedback per fact. Besides
changes in setting, subjects, and amount of retirigractice, there were four additional
design differences between the prior and currepégments: use of university-level
factual materials, no extra study opportunitiesmé the experiment, a retention interval
of 48 hrs, and a between- rather than within-subje@nipulation of question type (term-
or definition-response) on the criterial test.
Method

Subjects In this and all subsequent experiments, unddugite students recruited
from the University of California, San Diego sulijpool participated in exchange for
course credit. The target sample size, which isparable to that of prior retrieval
practice and transfer studies (e.g., Hinze & Wig311; McDaniel & Fisher, 1991) and
also applied to Experiment 2, was 50. Fifty-fivedargraduate subjects participated. All
but one subject completed both sessions of theremeet; data from the remaining 54

subjects term-responsgroup,n =28; definition-responsgroup,n =26) was analyzed.
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The entire study was conducted with the approv#hefuniversity’s institutional review
board, and all subjects provided written informedsent prior to participating.

Materials Thirty-six term-definition facts, each averagibigwords in length, were
extracted from a widely-used undergraduate intramyaeuroscience textbook,
Biological Psychology: An Introduction to Behavigr@ognitive, and Clinical
NeurosciencéBreedlove & Watson, 2013), and its publisher-jmed test bank. Versions
of this textbook have been used in prior retrigurakctice studies (e.g., McDaniel,
Anderson, et al., 2007). Each fact defined a cphicebiology or neuroscience (e.g.,
consciousneds One to three facts were extracted from eadhetextbook’s nineteen
chapters, with each fact having a term-definitidnis-B” structure in which (a) the
concept term was at the start of the sentenceefestiarting with the first word or after the

articles “a”, “an”, or “the”), (b) that term waslfowed by the verb “is’or a comparable
verb (e.g., “refers”), and (c) that verb itself walowed by the definition of the term. An
example fact is: Consciousness is personal awareness of one’s owtiaTs, thoughts,
movements, and experienc¢e3erms from all 36 facts are listed in Appen8ik.

For each fact, two multiple-choice questions wersated: a term-response
guestion and a definition-resportpgestion. For both questions, four answer choiere
created: the correct answer and three plausibés lufhe correct answers and lures did not
overlap with those for any of the other facts. map#es of facts, test questions, answers,
and lures are included in Appendix 3B.

For counterbalancing purposes, three sub-lisidacts each were randomly

drawn from the full set of 36 facts, with no fastedap across sub-lists. Six experimental
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lists of 24 facts each were then created usingassible pairings of two of the three sub-
lists. Within each experimental list, one sub-tifacts were assigned to be trained using
term-response test questions, and the other suto-lee trained using definition-response
test questions. An additional 12 facts not in thgierimental list were assigned to the no
training condition. This design enabled each fa@ppear in each of the three training
conditions (i.e., trained with a term-response tjaastrained with a definition-response
guestion, or not trained at all) with equal freguyenver subjects.

Design and procedureThe experiment entailed two sessions separateddid hr
delay. As shown in Figure 3.1, Session 1 contaim@dphases: the study phase and the
training phase. During the study phase, subjeetsed all 36 facts, one at a time, for 10
seconds each, and in a random order determined fan@ach subject. All facts were
studied once.

The training phase, in which each subject tramedne experimental list, followed
immediately afterward. Subjects were assignedtoal the six experimental training lists
in counterbalanced fashion. There was one traipi@age test trial per fact (24 trials total),
and test questions were presented in random oederndined anew for each subject. For
each training phase test question, subjects wegendi2 s to select one of the four possible
answer choices by typing the letters A, B, C, orAhswer choice order was randomized
on each trial for each subject. After 12 s hagsta, the correct answer was subsequently
shown for 3 s. That correct answer constitutedtfaek. When the feedback appeared,
the test question, the four possible answer chpares the subject’s selected response

remained on screen, thus providing subjects witreldvant information with which to
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study the feedback (similar to McDaniel, Thomaslet2013). After the training phase
ended, subjects were reminded of their Sessiorp@iagment, falsely informed that they
would return to study new facts (a deception desigio prevent outside study), and
dismissed.

In Session 2, which occurred after a 48 hr dedapjects completed the criterial
test. The question type on the criterial tesifteor definition-response) was manipulated
between-subjects, with random assignment to eitleeterm-response group or the
definition-response group. Based on this assignnseibjects were assessed on recall of
either all terms or all definitions for each of & facts, with one test trial per fact. On
each trial, a multiple-choice test question and fmssible answer choices were presented,
and subjects input their answer by typing the tetfg B, C, or D. As occurred during
Session 1, answer choice order was randomizedamtest trial for each subject. No
feedback was provided on the criterial test, argjesuis had unlimited time to respond on
each trial.

Data analysis Criterial test data (i.e., proportion correctariterial test questions)
were analyzed using a 3 (Criterial Test Conditiested-same, tested-different, and not
trained) x 2 (Question Type: term-response anchdifn-response) mixed factors design,
with Criterial Test Condition and Question Typenathin- and between-subjects
variables, respectivelyTested-sammdicates that training and criterial test quastifor a
given fact were identical (e.g., term-response)jeniested-differenindicates that training
and criterial test questions for a given fact waifferent (i.e., term-definition reversals,

such as term-response for training and definitesponse on the criterial test).
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Results

Training. Proportion correct wad = 0.80,SE =0.021 for term-response questions
andM = 0.70,SE =0.021 for definition-response questions. The higloeuracy on term-
response questions was statistically significaatg€tand in all subsequent analyses we use
a =0.05),t(53) =4.35p <.0001,d = 0.59. That pattern suggests that recall of dédimst
is more difficult than recall of terms, matchingapservation previously made by Lipko-
Speed, Dunlosky, and Rawson (2014) and patterrenadas in McDaniel, Thomas, et al.
(2013).

Criterial test The mean proportion correct across the two guesgpes and the
three criterial test conditions is shown in Fig8r2, Panel a. For comparison, the results
of McDaniel, Thomas, et al. (2013; Experiment B depicted in Panel b. A factorial
Analysis of Variance (ANOVA) on subject-level prapion correct scores yielded a
statistically significant effect of Criterial Te€bndition,F(2, 104) = 30.82MSE= 0.34,p
<.0001,p? = 0.37, no significant effect of Question Ty;p€1, 52) = 1.12MSE= 0.070,

p =.29,7p? = 0.021, and no significant Criterial Test Conditioy Question Type
interaction,F(2, 104) = 2.07MSE= 0.023,p = .13,7,2 = 0.038.

Comparison of Panels a and b shows that theiatitest results of Experiment 1
are highly analogous to those of McDaniel, Thoreagl. (2013; Experiment 1). Most
critically, in both experiments there were largefpenance differences between the
tested-same and tested-different conditions orhane, and the no training condition on
the other, a result that was observed for bothdhma- and definition-response groups.

Hence, in both experiments there was substantideege that retrieval practice yielded
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transfer relative to a no training control. Theyostatistical difference between the
experiments was marginally better performance éntéisted-same than in the tested-
different condition for the term-response grouum experiment{(27) = 2.17p =.039,d
= 0.41, but not in the McDaniel, Thomas, et al. expent.

Effect of prior course experiencén exit surveys, well over halh & 38) of the
subjects reported having previously taken a bi@algpsychology or neuroscience course.
While prior experience translated into better ollgrarformance during trainingV =
0.77,SE =0.070 vs.M = 0.71,SE =0.084) and on the criterial ted#l = 0.73,SE =0.069
vs. M = 0.63,SE =0.067), there was no effect of that expertise ckfiee in the pattern of
testing and transfer effects. Moreover, in Expenis 2-4 (for which the percentage of
subjects reporting prior course experience was 48%, 17%, and 47%, respectively), a
similar pattern of better overall performance feperienced subjects was also observed,
but again that improved performance did not chahgeesulting testing effect and
transfer patterns. Results of exit surveys aredismussed further.

Discussion

The results of Experiment 1 confirm that, relativex no training control, retrieval
practice (unelaborated practice in this case) erdmariterial test performance for both the
previously tested response (i.e., a testing efmut the reverse response (i.e., a transfer
effect). That replication and extension of thalfings of McDaniel, Thomas, et al. (2013)
shows that positive testing and transfer effeatsdom-definition facts relative to a no
training control are robust across subject poputati different implementations of

retrieval practice, and the various other diffeenin experimental design.
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Experiment 2

In this experiment we explored the question, ludoe¢ unaddressed, of whether
unelaborated retrieval practice enhances learmdgransfer for term-definition facts
relative to a restudy control. This experimenairged all design and procedural features of
Experiment 1 with one exception: the control caoditvas changed from no training to
restudy. From the applied perspective, this comparof retrieval practice relative to a
non-retrieval reference task is arguably more irtgopdrthan comparison to a no training
control.
Method

Subjects Sixty-one undergraduate students participateddarse credit. All but
two subjects completed both sessions of the exeatindata from the remaining 59
subjects term-responsgroup,n = 31; definition-responsgroup,n = 28) was analyzed.

Materials, design, and procedurd\ll aspects of this experiment’s design and
procedure were identical to its predecessor (sger&i3.1), with the exception that the 12
facts that were not trained during the traininggehaf Session 1 were instead restudied.
Each restudy training trial involved the presewotaif an entire fact for 15 s each. Thus,
the total duration of each restudy trial duringrtieg was identical to each practice test
trial. Restudy trials were randomly mixed withnterand definition-response practice test
trials, for a combined total of 36 training trigis., one trial per fact). As in the preceding
experiment, each fact appeared in each trainingdition (i.e., trained with a term-
response question, trained with a definition-resgaguestion, or restudied) with equal

frequency over subjects, and question type ontiterial test (term-response or definition-
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response) was manipulated between-subjects.
Results and Discussion

Training. Accuracy on the initial test was as follows: teresgonse questions] =
0.71,SE =0.037; definition-response questioMs= 0.62,SE =0.028. Performance on
term-response questions during training was aggmfteantly better than definition-
response questiongs8) = 3.99p <.001,d = 0.52.

Criterial test An ANOVA identical to that performed for Experemt 1 yielded a
statistically significant effect of Criterial Te€bndition,F(2, 114) = 5.60MSE= 0.071,p
=.0048,p> = 0.089, no significant effect of Question Typ¢l, 57) = 0.004MSE=
0.00033p =.95,7p? < 0.001, and a significant Criterial Test ConditmnQuestion Type
interaction,F(2, 114) = 3.80MSE= 0.049,p = .025,5,> = 0.063. Inspection of Figure
3.3, Panels a and b provides insight into thatactégon. For the term-response group
(Panel a) there was a testing effect (tested-samestudied);(30) = 3.78p <.001,d =
0.68, but there was no observable transfer (tediféerent vs. restudiedj(30) = 1.18p =
.25,d=0.21. For the definition-response group (Pahgbérformance was statistically
indistinguishable across conditions; there wasvidemce for either a testing effect or a
transfer effect.

A cross-experiment analysis of Experiments 1 andrifirmed that the transfer
results depend critically on control task. In®&2x 2 factorial ANOVA with factors of
Experiment (1 vs. 2), Criterial Test Condition (t@hand tested-different conditions only,
a comparison which focuses specifically on thedfamnissue), and Question Type (term-

or definition-response), there was a significanimadfect of Criterial Test Conditior(1,
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109) = 24.57MSE =0.32,p < .00001 4> = 0.18, a significant Experiment by Criterial
Test Condition interactior(1, 109) = 10.47MSE= 0.14,p = 0.0016,7,> = 0.088, and no
other significant main effects or interactiops € .41). The Experiment by Criterial Test
Condition interaction confirms the large differeade transfer results that are evident in a
comparison of Panel a of Figure 3.2 vs. Paneldaanf Figure 3.3. Specifically, transfer
results are markedly different when measured agams$raining than against restudy.

The results described above suggest that thedbulie test-enhanced learning and
transfer effect in the prior term-definition stusligMcDaniel, Bugg, et al., 2015; McDaniel,
Thomas, et al., 2013) reflects either use of aaainhg control, or, in the former study, use
of various forms of elaborated retrieval practitieappears that retrieval practice itself, at
least in the form of a multiple-choice test withyohrief correct answer feedback, can
produce a testing effect, at least for term re#fighut does not yield a transfer effect.

Experiments 3a and 3b

In the first two experiments we employed multiplesice initial and criterial tests,
just as did McDaniel, Thomas, et al. (2013). Irp&xments 3a and 3b, we switched to a
short answer criterial test format, similar to Meibs, Bugg, et al. (2015), while retaining
multiple-choice practice test questions. The cleangriterial test format was motivated
by two considerations. First, whereas multipleicbdests are commonly used in
educational settings, and hence constitute a vieaktformat for the training test, short
answer guestions are far more common outside s§i@am settings, and therefore
constitute a more appropriate format for the adatdest. Second, if a short answer

criterial test yields larger testing effects tharesl a multiple-choice test (e.g., Kang et al.,
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2007; for related discussion see Carpenter & Del #866; Halamish & Bjork, 2011),
then such a test may also be more sensitive toljp@sesansfer effects.
Method

Experiments 3a and 3b were completed over nonlapy@ng date ranges using
independent samples from the same subject pogheritrent 3a involved only term-
response criterial test questions, whereas ExpatiBieinvolved only definition-response
guestions. Otherwise those two experiments wenetichl.

Subjects.Although the small standard errors in Experimeintdicate that its results
are reliable, we chose to roughly double the samipkein Experiments 3a and 3b for
increased statistical power. One-hundred four tgrdduate students, all recruited from
the same population as in the prior experimentsigy@ated for course credit. All but
three subjects in Experiment 3a completed theesstirdy. Experiments 3a and 3b each
involved the same target sample size, 50, as ipbeeding experiments. Data from 49
subjects were collected in Experiment garf-responsenly), and data from 52 subjects
were collected in Experiment 3bdfinition-responsenly).

Materials, design, and procedur®&oth experiments were largely identical to the
respective term- or definition-response groups>gdtiment 2 (see Figure 3.1), with the
primary exceptions that (a) the criterial test iweal short answer test questions instead of
multiple-choice, and (b) ten of the facts were shed with easier to score one word terms
(e.g.,absolute refractory periodias changed teefractory) and practice and criterial test
guestions altered to match. The short answer igmssbn the criterial test were minimally

modified versions of their multiple-choice countas (see Appendix 3B for examples).
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Prior to the first criterial test trial, subjectere told that their typed responses should be
spelled as accurately as possible, but that if tene unsure of the correct spelling, to still
make their best possible attempt at an answer.fdrheat of the short answer test
guestions was as follows: the question appeardteoacreen, while an empty text box
with a cursor appeared directly underneath. Stbjgped their answer and pressed the
Enter key to advance to the next trial. As inpheceding experiments, subjects had
unlimited time to enter a response on each criters trial.

Data coding and analysisThe nature of typed short answer responses, inhwhic
spelling and grammatical errors were possible added often occurred, necessitated a
different scoring procedure than in the precedixjgeeiments. Moreover, as term- and
definition-response answers differ in length (sengford vs. sentence-length answers),
dedicated scoring procedures were developed fdr. eac

Term-response scoringlo avoid penalizing subjects for misspelled ceses that
could be unambiguously identified as referringaorect answers, all criterial test
responses in Experiment 3a were analyzed in Mifr&ael using the Fuzzy Lookup
(Microsoft Research, Redmond, WA) add-in (cf. Mét&aKornell, & Finn, 2009; Pashler,
Cepeda, Wixted, & Rohrer, 2005) before statistawadlyses were performed. This add-in
compares each response to a master list of cansgters, computes a Jaccard similarity
score (Microsoft Corporation, 2011), and if a clos&tch is found, identifies the most
closely related and accurately spelled answer eh@icthis case, the add-in was
configured to do so for similarity scores of 0.6hagher). A comparison with traditional

human scoring methods, which involved scoring afik-6f all responses using the add-in
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as well as a human rater, indicated that religbiids high (0.98) between the add-in and
human scoring. After close misspellings were aredyand corrected, we used a letter
matching algorithm to score for accuracy (wherexect match was scored as correct and
all other cases were scored as incorrect).

Definition-response scoringTo score the sentence-length responses in Ewxpeti
3b, and to provide leeway for unambiguously idéaibie misspellings, a point-based
coding method was developed. Under this methadetto five idea units per fact were
identified (cf. Lipko-Speed et al., 2014; Rawsom&nlosky, 2011; McDaniel, Bugg, et
al., 2015), with each idea unit allotted one poi8toring involved reading each response
and assigning yes/no ratings for each idea unifgmr Eight research assistants trained on
this method were assigned up to five facts eadth aasistant scored all of the responses
in Experiment 3b for their assigned facts while agmng blind as to training condition
assignment. To verify the consistency of this sgptechnique, raters also scored an
identical subset of the data (comprised of a samipis of the responses for each of the
36 facts). These scores where then compared woiles generated by the authors; there
was high reliability ¥ 0.80) between the raters and the authors. Fustgtal analyses,
scores for each response (i.e., number of yeggsativided by total number of points
possible) were dichotomously transformed (i.eQ edrrect or incorrect, which
corresponds with the scoring outcomes on the t@spanse criterial test) using the
following criterion: > 60% of idea units had to berrectly recalled in order for a response
to be scored as correct. Summary data for analysag continuous scores (i.e.,

untransformed data) are also reported. To foreskathe use of either dichotomous or
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continuous scores did not change the overall pattresults.
Results and Discussion

Training. Proportion correct on the multiple-choice tesExperiment 3a wasl =
0.76,SE =0.023, for term-response questions &hd 0.72,SE =0.024 for definition-
response questions. While mean performance wasneatly better for term- vs.
definition-response questions, matching the patteserved in the prior experiments, in
this case the difference was not statistically ificemt, t(48) = 1.66p = .10,d=0.24. In
Experiment 3b, accuracy on the initial test Was 0.68,SE =0.027 for term-response
guestions anil = 0.62,SE =0.030 for definition-response questions. Meangrernce
on term-response questions was significantly bétem on definitiorresponse questions,
t(51) = 2.79p =.0074, d = 0.39, again matching the pattern observed in prior
experiments.

Criterial test. Criterial test results for Experiment 3a are shawhigure 3.4, Panel
a. A within-subjects one-way ANOVA on proportioorect scores yielded a statistically
significant main effect of Criterial Test Conditidf(2, 96) = 6.08MSE= 0.12,p = .003,
ne® = 0.10. Inspection of Figure 3.4 reveals that #fifisct is driven primarily by a testing
effect for the tested-same condition in the absefsebstantial transfer to the tested-
different condition. That pattern was confirmedtwp tests. The first, limited to the
tested-different and restudied conditions, yieldedignificant effect of Criterial Test
Condition,t(48) = 0.62p = .53,d=0.089. The second, limited to the tested-sarde an
tested-different conditions, yielded a significaffect of Criterial Test Conditiori(48) =

2.73,p=.009,d = 0.39. Experiment 3a thus fully replicated Expemnt 2: for the case of
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unelaborated retrieval practice vs. a restudy obrnesting enhances term retrieval, but
that enhancement does not transfer to the revasseaf definition retrieval. The same
ANOVA for Experiment 3b (with dichotomous scores,shown in Figure 3.4, Panel b)
yielded no significant main effect of Criterial T&ondition,F(2, 102) = 2.29MSE=
0.026,p = .11,7,> = 0.043, while the same ANOVA using continuous ssqmean
accuracy $E) of 0.30 (0.020), 0.28 (0.022), 0.28 (0.018) ie tested-same, tested-
different, and restudied conditions, respectivalgp yielded no significant main effect of
Criterial Test Conditiond=.70). Thus, just as for Experiment 2, there n@astatistical
evidence for a testing or transfer effect for défim-responses. It should be noted,
however, that there was a numerical trend in fafa testing effect in Experiment 3b.

A cross-experiment analysis indicated that peréorce was better overall for the
case of term-response (Experiment 3a) than defmitesponse (Experiment 3b) short
answer criterial tests. In a 2 x 3 factorial ANOWAh factors of Experiment (3a vs. 3b;
using dichotomous scores) and Criterial Test Camtlitested-same, tested-different, and
restudied), there was a significant main effedExyperimentf(1, 99) = 25.16MSE=
1.90,p < .0001 ;4> = 0.20, and Criterial Test ConditioR(2, 198) = 8.25MSE=0.13,p <
.0001,;,%> = 0.87, and no Experiment by Criterial Test ComditinteractionF(2, 198) =
1.24,MSE= 0.019,p = .29,,* = 0.012. The main effects are apparent upon exaom
of Panels a and b of Figure 3.4: performance wtsraverall on the term-response
criterial test, and performance in the tested-seomglition tended to be better than the
tested-different and restudied conditions in boghegiments. Moreover, the absence of an

interaction indicates that the relative performaac®ng the tested-same, tested-different,

117



and restudied conditions did not significantly difbetween the two experiments
(although, as noted previously, pairwise analysedinld evidence of a testing effect for
the case of term-response in Experiment 3a, bufonatefinition-response in Experiment
3b).

Overall, Experiments 3a and 3b fully replicate Exment 2 with respect to both
testing and transfer effects. There was statisticidence of a testing effect for term- but
not definition-responses on short answer criteesis, and there was again no evidence of
positive transfer in either direction.

Experiment 4

For the fourth experiment we investigated whethereasing the number of
practice test trials from one to three per facldgalifferent learning and/or transfer results.
The use of repeated test trials was motivated fintpathe lack of a statistically significant
testing effect for definition retrieval in Experimis 2 and 3b. Many demonstrations of the
testing effect use repeated training tests (ewgleB 2010; Pan, Rubin, & Rickard, 2015;
Roediger, Agarwal, McDaniel, & McDermott, 2011)dabhas been suggested the
repeated testing strengthens the benefits of valrgactice (e.g., McDaniel, Thomas, et
al., 2013), including when the training test fornsamultiple-choice (e.g., McDaniel,
Wildman, & Anderson, 2012; McDermott, Agarwal, D’'#amio, Roediger, & McDaniel,
2014). Thus, by increasing the training “dosagethis experiment, we sought to increase
experimental sensitivity to detect a testing effectdefinition retrieval, if it exists in the
population. If we observe a testing effect forinigibn retrieval, then we will also be in a

position to further address the issue of transietHat case.
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Method

Subjects.The minimum sample size to detect a small trareffect was determined
using a priori power analysis. Based on the stahdaviation of the tested-different
minus restudied condition proportion correct défiece scores on the criterial test of
Experiment 3b, a sample size of at least 54 parmi®needed to achieve power of 0.8 or
greater to detect a proportion correct differerm@e of 0.05 or greater (based on a one-
tailed, one-sampletest,a = 0.05). Accordingly, 124 undergraduate studeadtsecruited
from the same population as in the prior experimgparticipated for course credit. All
but eleven subjects completed both sessions axperiment; data from the remaining
113 subjectstérm-responsgroup,n = 54; definition-responsgroup,n = 59) was
analyzed. Subjects were randomly assigned tcetime-tor definition-response group.

Materials, design, procedure, and data codimdparly all aspects of this
experiment’s design and procedure were identicidbof Experiments 3a and 3b, with
the primary exception being that training involtecee practice test or restudy trials per
fact. This was accomplished by presenting eat¢heo86 facts once per training block
across three training blocks. Assignment of fadtdining condition was kept consistent
across all three blocks. The design of each trgiblock was functionally identical to that
used in the preceding experiment, with the solepttan being that paraphrased
guestions, reworded lures, and slightly rewordedeod definition responses were used for
test questions on each block (examples are includégpendix 3C), along with
paraphrased facts. The purpose of presentingashjéth modified questions and

answers on each training block was to encouragdudaeading of each question or fact
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on each practice trial. The scoring procedurdherterm- and definition-response criterial
tests was identical to that used in the precedimmgexperiments; as before, analyses of
definition-response criterial test data using diohwous scores are reported in their
entirety and analyses using continuous scoresuanengirized (the use of either scoring
methods did not change the overall pattern of tesul
Results and Discussion

Training. As shown in Figure 3.5, accuracy for both terspmse and definition-
response questions improved across the three btd¢hke initial test. A 2 x 3 factorial
ANOVA with factors of Question Type (term- or defion-response) and Block (1 vs. 2
vs. 3) yielded a significant main effect of Questibype,F(1, 112) = 167.9MSE=4.45,p
< .0001,72 = 0.60, and Blocki=(2, 224) = 132.9MSE= 1.86,p < .0001,7,2 = 0.55, as
well as a significant Question Type by Block intgran, F(2, 224) = 3.47MSE= 0.040,p
= .033,7,% = 0.030. Performance on term-response questioadetier than definition-
response questions, in line with the pattern olesemr the preceding experiments. The
pattern of improvement across blocks indicatesridyatated testing generated additional
learning, and the magnitude of block-to-block imgments (from the first to the third
block, proportion correct improvement idf= 0.20 for term-response aii= 0.15 for
definition-response) was slightly greater for tenesponse questions.

Criterial test. An ANOVA identical to that performed for Experimertt and 2 (and
using dichotomous scores for definition-responsesjlts shown in Figure 3.6) yielded a
statistically significant effect of Criterial Te€bndition,F(2, 222) = 37.19MSE= 0.56,p

< .0001,p? = 0.25, no significant effect of Question Typ€1, 111) = 0.73MSE= 0.082,
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p =.39,5,% < 0.01, and a significant Criterial Test ConditimnQuestion Type interaction,
F(2, 222) = 5.25MSE= 0.079,p = .006,77,2 = 0.045. The same ANOVA using
continuous scores for definition-responses (meanracy SE) of 0.49 (0.017), 0.43
(0.022), 0.42 (0.022) in the tested-same, testd#drdnt, and restudied conditions,
respectively) also yielded the same pattern: afsignt effect of Criterial Test Condition
and a significant Criterial Test Condition by QuestType interactiongs < .0001). As
inspection of Figure 3.6 shows, there were highgpiicant performance differences
between the tested-same and tested-different ¢onslifexcluding the restudied condition)
in both the term-response growh3) = 7.11p < .00001,d = 0.97, and the definition-
response group(58) = 2.81p =.007,d = 0.37. However, there was again minimal
positive transfer from term retrieval to definitiogtrieval, or vice versa; as evident in
Figure 3.6, mean proportion correct in the restoalyditions was within about one
standard error of that in the tested-different ¢omas. Thus, there were testing effects in
this experiment for both term and definition retak but at best minimal transfer in either
case.

The source of the Criterial Test Condition by QioesType interaction is evident
upon comparison of Panels a and b of Figure 3ebtdbting effect for the term-response
group is larger than that for the definition-respeigroup. This was confirmed statistically
by comparing the difference scores for the testedesminus tested-different conditions
for both groups; the mean difference score in ¢éhmiresponse group was significantly
larger,t(110) = 2.63p < .01,d = 0.49. That finding of a larger testing effect ferm- vs.

definition-response is broadly consistent with fédnet that, at the lower dosage levels of
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Experiments 2, 3a, and 3b, testing effects werermkes on the term- but not definition-
response criterial tests.
General Discussion

In the present experiments we investigated tHigyudf unelaborated retrieval
practice for learning term-definition facts, incing whether it generates testing effects for
term- and definition-responses, and whether idgetansfer from terms to corresponding
definitions and vice versa. Experiment 1 concdptuaplicated McDaniel, Thomas, et al.
(2013; Experiment 1), in which positive testingeetls and strong transfer was observed
with middle school students relative to a no tragncontrol condition, for both term- and
definition-response criterial tests. Experimemtiso extended that result from children to
adult students, and over changes in setting, nadégeaxtent of training, and other
differences in experiment procedure. Thus, tesdimd)transfer effects for term-definition
facts relative to a no training condition appeabeéaobust. However, when the control
condition was switched to restudy in Experiments Bhere was at best weak evidence for
transfer from either term to definition retrievaltbe reverse. Further, percent transfer
(bounded by restudy and tested-same performancedated rather than increased in
Experiment 4, suggesting that transfer wanes aghssat or beyond that which yields
robust testing effects for both term and definitietrieval.
Term-Definition Facts and Rearranged Stimulus-Raspdelements

Our findings indicate that term-definition factsosild be added to the list of
materials for which transfer to rearranged stimuksponse elements (i.e., where the

required response was previously a cue, and viayen the criterial test is minimal or
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absent relative to a non-testing reexposure co(grgl, restudy), and particularly when the
practice tests do not involve extensive feedbadkenform of re-reading (e.g., a text
passage) or application questions. Those mataniglsde multi-sentence college biology
facts (Hinze & Wiley, 2011), AP History and Biolofgcts (Pan, Gopal, et al., 2016), and
word triplets (Pan, Wong, et al., 2016). Analogtaikire of transfer has also been
observed for both adult’s (Rickard & Bourne, 1986) children’s single-digit arithmetic
(Walker, Bajic, Mickes, Kwak, & Rickard, 2014). éxall, it appears that specific and
nontransferable learning for rearranged stimulsgpoase components on a criterial test is
a likely outcome of unelaborated retrieval practmea wide range of facts and other
materials with multiple testable components. Amiied in the following section, the only
known exception to this pattern involves an evempger type of stimuli, namely paired
associates.
Term-Definition Facts vs. Paired Associates

Some researchers have noted the existence ofustalsimilarities between paired
associates and facts (e.g., McDaniel, Thomas,,2@l3; Mozer et al., 2004; Rohrer et al.,
2010), and have speculated that such similaritieg anive comparable learning and
transfer processes. That hypothesis is motivagetidofact that both paired associates and
facts contain two components to be associatepéimed associatesue— target for
term-definition factsterm— definition). Of most interest here, practice test questions
involving term-definition facts appear to reflebat structure. That is, the learner is given
the term and asked for the full corresponding diédim, or is given the full definition and

asked for the corresponding term.
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In contradiction to that hypothesis is the curfemding that, whereas strong
positive transfer (in some cases up to 100%) isistently observed following various
forms of retrieval practice on paired associates. (e multiple-choice or cued recall
format, and with single or repetition practice; mter et al., 2006; Cheng, 2014; Vaughn
& Rawson, 2014), little or no transfer is obserf@dterm-definition pairs. It thus appears
that the greater complexity of term-definition ia&t materials and other authentic
educational facts leads to associative learninggeses that are different in important
respects than those involved in paired associateiley (a possibility also considered by
Rohrer et al., 2010, and McDaniel, Thomas, e8i1,3, and now empirically supported by
the current work).

The different learning and transfer propertiestéam-definition facts vs. paired
associates may be related to the fact that theitdefi component of a term-definition fact
contains multiple words that are unlikely to haeeib strongly associated with each other
prior to training, and are exceedingly unlikelyhtave constituted a single, or chunked,
memory representation as in the case of a familaad (other stimuli with three or more
elements may also exhibit similar associative prige e.g., Pan, Wong, et al., 2016).
Thus, a simple bi-directional association betweé&maliar stimulus and response (as
presumably forms for word pairs) is not sufficiémt learning. The possibility that
learning term-definition facts involves forming rtiple memory associations between the
constituent words (or concepts) of each fact mag atcount for performance disparities
between term and definition retrieval: on term-msge questions, multiple words

comprising the definition are presented as cuesa fingle to-be-retrieved target, whereas
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on definition-response questions, only a single(ceg the concept term) is presented for
multiple to-be-retrieved targets. Retrieval ilikto be more difficult in the latter case
(given that there are no additional cues to hetpifate recall, and also because multiple
targets need to be retrieved, rather than a simgtd as in the case of term retrieval).
Thus, repeated retrieval practice (as in ExperiMgmbay be necessary to strengthen
associations between the single presented cudgsamulitiple targets in order to generate a
testing effect for definition responses relativeastudy (alternatively, as pointed out by a
reviewer, a more overtly effortful retrieval formaich as cued recall may be used).
Follow-up theoretical work that investigates th#altences between paired associates and
term-definition facts (and other materials that rhaye a similar paired structure, such as
number digit or sound pairs), as well as the défifiees between concept term and
definition retrieval, is warranted.
Practical Implications for Learning Term-Definitidracts

Retrieval practice has potent memory benefitdikado restudy across a wide
range of materials, including those explored héreat fact, along with recent
demonstrations of positive transfer of highly elatted retrieval practice for term-
definition facts (McDaniel, Bugg, et al., 2015; Malel, Thomas, et al., 2013), might lead
educators to assume that retrieval practice willegally also give rise to transfer. More
specifically, an instructor who wishes to incorgeravidence-based learning techniques
might assign term- or definition-response practést questions, expecting that transfer
effects will result relative to alternative exeess Similarly, a student could devote time to

answering term- or definition-response practicé gegstions at the end of a textbook
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chapter, expecting that the resultant learning géheralize to entire facts. Our findings
indicate that while unelaborated retrieval practick generate learning dividends relative
to a restudy strategy for term retrieval practiod éwith repeated training) definition
retrieval practice, it is unlikely to yield enhaxoecall for unretrieved portions of such
facts. This is an important consequence of rettipvactice on term-definition facts—a
consequence of which both instructors and studdmiald be aware.

Will the same testing and transfer effects octtraining involves a potentially
more effortful retrieval method such as cued re@all, short answer) rather than multiple-
choice, as suggested by Kang et al. (2007)? Regamhktprovides insights. In Pan, Gopal,
et al. (2016), both single and repeated trialshoftsanswer retrieval practice consistently
generated substantial testing but no transfer &sffiec the recall of terms from biology and
history facts. Moreover, similar testing effectsre/ observed in that study when the
practice test format was switched to multiple-ckoi6Given the analogous results when
the Pan, Gopal, et al. paradigm was adapted fqorigsent experiments, it is unlikely in
our view that the use of short answer practicestedit appreciably change the effects of
unelaborated retrieval practice (with respect thegithe testing effect or transfer) for
term-definition facts.

The practical implications enumerated here appécgically to the case of
unelaborated retrieval practice involving term efiwition retrieval. That method
constitutes the most basic and least time interisipdementation of retrieval practice, and
it is the most likely to be used in current edumadil practice (particularly since multiple-

choice tests are relatively easy to score). Howesedetailed in the Introduction, more
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elaborate forms of retrieval practice such as priaact on term- or definition-response and
application questions for each term-definition f@s occurred in McDaniel, Bugg, et al.,
2015) appear to hold promise for facilitating pesitransfer. This may be due to
additional or different cognitive processes engesdi®y such methods (for related
discussions see Hinze, Wiley, & Pellegrino, 20E31sén, McDaniel, Woodard, &
Kummer, 2014; McDaniel et al., 2012). Other elab@rforms of retrieval practice that
incorporate techniques such as spacing or critéeieel learning (e.g., Rawson, Dunlosky,
& Sciartelli, 2013), as well as repeated quizzimgonjunction with extended feedback
opportunities and outside study (e.g., McDanielgd@nson, et al., 2007; McDaniel,
Wildman, et al., 2012) may also yield greater antewh transfer for similar types of (i.e.,
factual) materials. However, such elaboratederedti practice is more time intensive, and
it is unclear whether the transfer results engertiexceed the gains that would be
observed if that extra time were instead allocébeetrieval practice on both term- and
definition-responses. Further research along thoes is needed to optimize uses of both
unelaborated and elaborated retrieval practicéefining term-definition facts.

Finally, it should be noted that the current studiestigated one educationally
valid transfer context (i.e., transfer between fetments) out of many possible contexts.
Instructors and students may also be interesteédmsfer under different circumstances
that do not necessarily involve term or definitr@trieval (for examples see Carpenter,
2012). For instance, McDermott et al. (2014; Expent 3) investigated retrieval practice
and transfer of factual knowledge to applicatioesjions (i.e., generalizing prior

knowledge to new examples); in that case, positaesfer was observed. Further, in a
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recent meta-analytic review of the retrieval praetand transfer literature, Pan and
Rickard (2018) observed that the extent of transféinat literature varies substantially
between different transfer contexts; transfer imvg rearranged stimulus-response
elements is generally negligible (especially whiaberate forms of retrieval practice are
not used), but more substantial transfer is evif@antultiple other transfer types (e.g.,
application and inference questions). Thus, wihieeextent of transfer in the present study
also proved to be minimal, that result does notlpde different findings involving similar
materials but under different transfer contexts.
Conclusions

In the present work we demonstrated that unelabortrieval practice on
term-definition facts, involving recall of previdysstudied responses followed by brief
correct answer feedback, is superior to restudgweVer, that retrieval practice benefit
does not transfer from either term retrieval tardgbn retrieval or the reverse. That
absence of transfer extends prior results for hystad biology facts without a term-
definition structure. In conjunction with otherceat work, it now appears that, across a
wide range of educational materials, retrieval fcadtself (i.e., excluding any influence
of elaborative post-retrieval processing) cannogXgected to yield transfer to rearranged
stimulus-response criterial test questions. Frhoenpractical standpoint, students and
instructors should not expect that taking a pradisst on part of a term-definition fact, or
any other type of fact with multiple testable termgl be sufficient to enhance memory

(relative to a study strategy) on a later test wimea different response from the fact is
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required. Nevertheless, retrieval practice appeabe the best overall learning strategy

because it can clearly facilitate later memorytker practiced response.
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Study Phase
36 term-definition facts
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Training Phase:
Term-Response

Training Phase:
Definition-Response

Training Phase:
Not Trained (Exp. 1) or

12 facts 12 facts Restudied (Exps. 2-4)
multiple-choice questions multiple-choice questions 12 facts
l ]
v
48 hr delay
v

Criterial Test:

All Term- or all Definition-Response

36 multiple-choice questions (Exps. 1, 2)
36 short answer (Exps. 3-4) questions

or

Figure 3.1 Procedure for Experiments 1-4. Session 1 begi@mthe Study Phase,

wherein all 36 facts were studied, followed by Twaining Phase, wherein 12 facts each

were trained using one (Experiments 1-3b) or thEeg@eriment 4ferm-responser a
definition-responséest question(s) with feedback; the remainingd2s were either not

trained(Experiment 1) or restudied (Experiments 2-4).eA#8 hrs, subjects returned for
Session 2, the Criterial Test, and were testedldaren-response or definition-response
guestions in multiple-choice (Experiments 1, 2§loort answer format (Experiments 3a-

4).
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Figure 3.2 Criterial test performance on multiple-choicerteesponse and definition-
response questions. Panel a: results from Expatifnef the current study. Panel b:
results from McDaniel, Thomas, et al. (2013; Exmemt 1). Tested-samandicates that
the training question type matched the criterisl tgpe;tested-differenindicates that the
training and criterial test question types did maitch. Error bars in the Panel a are
standard errors based on the interaction error ¢érammixed-factors ANOVA on subject
mean accuracy scores (based on Loftus & Massod)199
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Figure 3.3 Criterial test performance on multiple-choicareresponse and definition-
response questions in Experiment 2. Panel a tespense. Panel b: definition-response.
Tested-samindicates that the training question type matdheccriterial test typepsted-
differentindicates that the training question type didmatch the criterial test type. Error
bars are standard errors based on the interaationterm of a mixed-factors ANOVA on
subject mean accuracy scores (based on Loftus &dhad994).
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Figure 3.4 Criterial test performance on short answer teggponse and definition-
response questions in Experiments 3a and 3b. Ratexin-response. Panel b: definition-
response.Tested-samidicates that the training question type matdheccriterial test
type;tested-differenindicates that the training question type didmatch the criterial test
type. Error bars are standard errors based oertbeterm of a within-subjects ANOVA
on subject mean accuracy scores, performed selyai@t¢he two experiments (based on
Loftus & Masson, 1994).
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Figure 3.5 Initial test performance for multiple-choicerteresponse and definition-
response questions across the three training btfdkzperiment 4. Error bars are
standard errors of the means.
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Figure 3.6 Criterial test performance on short answer tegsponse and definition-
response questions in Experiment 4, in which eachvias trained three times. Panel a:
term-response. Panel b: definition-resporibested-samadicates that the training
guestion type matched the criterial test tysted-differenindicates that the training
guestion type did not match the criterial test tygeror bars are standard errors based on
the interaction error term of a mixed-factors ANOWA subject mean accuracy scores
(based on Loftus & Masson, 1994).
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Fact number

Appendix 3A

Term-Definition Fact Terms

Term
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Absolute refractory period
Acetylcholine
Adaptation

Cingulate cortex
Cocktail party effect
Consciousness
Dermatome

Dermis

Dualism

ED-50

Encoding

Focal seizure

Glucose
Immunocytochemistry
Inattentional blindness
Infradian cycle
Labeled lines
Meninges
Neuroleptics

Neuron doctrine

Nissl stain

Oculomotor apraxia
Oligodendrocytes
Osmosensory neurons
Oxytocin

Paracrine

Plasticity
Reductionism

Sexual selection
Somatic intervention
Substantia nigra
Supplemental motor area
Sylvian
Temporoparietal junction
Tolerance

Wernicke's aphasia
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Appendix 3B
Term-Definition Fact and Test Question Examplegdus Experiments 1-4)

Term  Stimulus type Example

Dermis Fac Dermis is the layer of skin that contains a rictbveé nerve fiber:
in a network of connective tissue and blood ves

Termr-Response What is the layer of skin that contains a rich veéberve fibers
(MC training orcriterial  in a network of connective tissue and blood ve8
tess, Exps -4)

a. epidermis c. hypodermis

b. dermis d. epithelium
Definition-Responst What is the definition of dermi
(MC training or criterial a. The layer of skin that contains a rich web of nerve
tests, Exps 1-4) fibers in a network of connective tissue and blood.

b. The layer of skin that contains no blood vessets an
must receive nourishment from underlying tissue.

c. The deepest layer of skin on the body.

d. The protective layer of chitin that covers vulndeab
body parts.

Term-Response (SA The layer of skin that contains a rich web of nedfilers in a
criterial test, Exps 3a, 4) network of connective tissue and blood vesselslisad what?

Definition-Response (SA What is the definition of dermis?
criterial test, Exps 3b, 4)

ED-50 Fact ED-50 is the dose at which a drug haalfamaximal response.
Term-Response What is thidose at which a drug has a maximal respons:
(MC training or criterial a. saturated c. ED-50
tests, Exps 1-4) a. therapeutic d. LD-50
Definition-Respons What is thedefinition of EC-50
(MC training or criterial a. The dose at which a drug has a half-maximal resons
tests, Exps 1-4) b. The dose at which a drug is halfway metabolizethiey

body.

c. The dose at which a drug results in a 50 percent
mortality rate.

a. The maximum dose at which a drug can be safely
administered.

Term-Response (SA The dose at which a drug has a -maximal response is called
criterial test, Exp 3a, 4) what"

Definition-Response (SA What is the definition cED-50?
criterial test, Exp 3b, 4)

Note: Exp = Experiment, MC = multiple-choice, SA = sharniswer.
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Appendix 3C

Paraphrased Term-Definition Practice Question Exasnfused in Experiment 4)

Term

Stimulus type

Example

Neuroleptic

Consciousne!

Termr-Response
(version 1)

Termr-Response
(version 2)

Term-Response
(version 3)

Definition-Responst
(version 1)

Definition-Responst
(version 2)

Definition-Responst
(version 3)

What typeof drug is effective at reducing the symptoms of
schizophrenis

b. anxiolytic C. neuroleptic
c. tricyclic d. sedative

A drug that is capable of reducing a patient'szmbtirenic
symptoms is called..

a. analgesic c. amphipathic
b. neuroleptic d. neurolytic

A drug that can reduce schizophrenic symptoms &gy is
called..’

a. neuroleptic c. prophylactic
b. inhalant d. inhibitor

What isconsciousnes

a. personal awareness of one's own emotions,
thoughts, movements, and experiences.

b. the mental state comprised of the id, ego, and
superego.

c. the ability to recognize oneself as a separate and
distinct entity from other individuals in the
environment.

d. the ability to observe and empathize with one's
actions and those of others.

What does consciousness me

a. components of the mind such as the id and the ego.

b. the awareness of one's distinct existence apart fro
other people in an environment.

c. self-awareness of personal emotional, physical, and
mental experiences.

d. the capacity for empathy when observing the actions
of oneself and others.

What doesconsciousness refer

a. the perception of self as an entity which is sefgara
from other people.

b. id, ego, and superego which comprise the mental
state.

c. mindfulness of internal and external phenomena.

d. mindfulness of one's own emotions, thoughts,
movements, and experiences.

Note: Exp = Experiment.
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CHAPTER 4
In Search of Transfer Following Cued Recall Practic
The Case of Biology Concepts

Pan, S. C., Hutter, S., D’Andrea, D., Unwalla, &hd Rickard, T. C. (2018).

Abstract

Previous work has demonstrated that cued recalltefm from a fact yields
learning that does not transfer, relative to audistontrol, to recall of another term from
the same fact. Here we report six experimentshichva series of manipulations during
the initial study and training phases of learninggnded to increase transfer for process-
based biology concepts, were investigated. In BExmnts 1-2, fill-in-the-blank questions
combined with immediate or delayed and repeatececbanswer feedback improved
learning but not transfer. In Experiments 3-4cpicg questions which involved recalling
process steps, understanding ordinal relationsbipsaking inferences, did not improve
transfer. Positive transfer was produced, howendexperiments 5-6 vieetrieval-
verification-scoringa method in which difficult fill-in-the-blank queshs were combined
with extensive feedback processing. We discus$iéatpns for transfer in both

theoretical and applied contexts.
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Introduction

Across virtually all areas of STEM education, tharhing and retention of process-
based concepts is an essential step for achievasgemy. For current purposes, a process-
based concept is defined as a sequence of evantsatur over time, leading to a
predictable end state. Such concepts are ubiquitothe target domain of this
manuscript, namely introductory biology. A classikample is the concept pfotein
synthesis.It involves the following proces®NA is first copied into RNA via
transcription, and then RNA is coded into protaatvanslation(Freeman, Quillin, &
Allison, 2014). In that concept, two sequentiagasses, transcription and translation,
result in the formation of protein.

Given the ubiquity and foundational nature of sawterials, it is important to
understand how students can learn them effici€ndy, with the least time invested),
durably (i.e., yielding long-term retention), armhtprehensively. One promising
approach isetrieval practice with feedbackRetrieving information from memory, as
occurs on a practice test, yields robust learnergfits over restudy and other non-
retrieval methods. That finding, commonly knowrtlasretrieval practice effecbr
testing effegthas been observed across a wide range of edualyioelevant materials
(e.g., Dunlosky, Rawson, Marsh, Nathan, & Willingh&013), using different test
formats (e.g., Kang, McDermott, & Roediger, 20QGvith diverse learners (e.g., Pan,
Pashler, Potter, & Rickard, 2015), and under diff¢tevels of motivation (e.g., Kang &
Pashler, 2014). The effect is enhancerbifrect answer feedbadk provided after

attempting retrieval, and it persists over time thlative advantage of retrieval practice

146



over restudy increases with longer retention irdkrye.g., Carpenter, Pashler, & Cepeda,
2009; Rowland, 2014). Given these findings, reaig@ractice would appear to be well-
suited to enhance the learning and transfer ofga®tased concepts — a possibility that
we explore in this manuscript.
Specificity of Learning Through Cued Recall Pragtic

In the research literature (see Rickard & Pan, 20dd quite likely also in current
educational practice, the most commonly used vaahretrieval practice isued recall in
which part of a studied item is presented on titealriest as a cue, and the remainder of
the item is to be retrieved from memory. For tbaaept given above, an example cued
recall question (in fill-in-the-blank format) istri* protein synthesis, DNA is first copied
into RNA via ?"There is overwhelming evidence that cued recallifaies,
relative to restudy, subsequent retrieval of threeséerm that was retrieved on the initial
test (i.e., the test that occurred during trainingpwever, there is equally strong evidence
that for educationally-relevant materials (e.gct faarning), that facilitated learning does
not extend, otransfer, to questions from the same stimulus that recuuldéferent term
response. For example, in Pan, Gopal, and Rid2&6), cued recall involving the fill-
in-the-blank question,Thomas Jefferson purchased __ from the Fr&rfohwhich
the answer isouisiang yielded substantial learning relative to restudhen that same
guestion was again asked after a delay, but digiett transfer t6Thomas Jefferson
purchased Louisiana from WHOM?glative to restudy. Rather, criterial test periance
on such items was equivalent to performance adé&tudy. Similar findings have been

reported by Hinze and Wiley (2011) and Pan and &atk2017); one exception is

147



McDaniel, Anderson, Derbish, and Morrissette (20@Hich is discussed later in this
manuscript. Thus, although retrieval practice appéo be at least as effective as restudy
in all instances, it is, in work to date, eviderglyperior to restudy only for the initially
tested term (for a review, see Pan & Rickard, 2018)

It however remains to be determined whether theemé specificity of learning
through cued recall testing is universal for faots concepts, or whether there are
conditions, heretofore unexplored, in which positikansfer will be observed. For
instance, in many retrieval practice studies, tanggterials are studied relatively briefly
and without supporting information (e.g., explamaiiagrams); it has yet to be
established whether the same patterns would maiiiesiore enriched and more
extensively studied information. Further, researsthave hypothesized that some forms
of retrieval practice, including the use of quastithat invoke processing of conceptual
relationships, yields more transferrable learnig.( Jensen, McDaniel, Woodward, &
Kummer, 2014). There has also been some reseadctin@orizing which suggests that
feedback that is processed for greater lengthisnaf &nd/or contains more than just the
correct answer can enhance transfer (e.g., B@ledpole, & Marsh, 2013; see also
Eglington & Kang, 2017; McDaniel & Little, in presslf feedback is the critical factor,
then that would potentially constitute gudirect transfer effect (i.e., transfer that does not
stem wholly from the retrieval event itself; fosdussion see Roediger & Karpicke, 2006;
Pan & Rickard, 2018). Learning benefits that steely from performing retrieval (e.g.,
as can occur for correctly answered cued recaliowit feedback) constitutéirect effects

of retrieval practice, whereas learning benefigsnshing from activities besides the
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retrieval event, such as post-retrieval processfrifgedback, constitute indirect effects.

Additionally, in the studies of cued recall anchster noted above, the target
materials were typically not process-based. Fstammce, none of the facts in Pan, Gopal,
et al. (2015), which included materials drawn frAR History and Biology courses,
described a sequence of processes. Rather, foryhikey focused on details of the “who,
what, when, and where” variety, and for biologwtiypically took the form ok of y and
z (e.g.,“The exoskeletons of most insects are made ohc¢hitiBy contrast, the current
experiments explicitly involved only process-babealogy concepts. Thorough learning
of such concepts might yield a richer, or deepeellef knowledge representation than
does learning of non-process-based concepts &, fahtch in turn might support positive
transfer of cued recall relative to restudy.

Overall, across the six experiments detailed heesexplored three distinct types
of cued recall with multiple forms of feedback tinaght promote transfer (see Table 4.1
for a summary of training methods). Although thésies of experiments is systematic and
is largely motivated by prior empirical or theooeati work, it is also exploratory, especially
in the latter experiments.
The Current Study

In each experiment, subjects first studied 24 opi@®ess-based concepts one at a
time in random order. The concepts were drawn faomidely-used undergraduate
biology textbook (Freeman et al., 2014; see Appeddi for a list). To enhance
conceptual understanding and to promote more cdmpsive learning, each concept was

presented with a visual-conceptual diagram anassgry of term definitions (see Figure
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4.1 for an example). Subjects were instructedudyseach concept carefully and to do so
at their own pace. The decision to provide diagramd definitions was motivated by a
preliminary experiment in which those materials eveot provided during initial study and
in which no transfer was observed.

Training methods After the initial study period, subjects completettaining phase
in which each concept was trained with cued remratéstudy. Across six experiments,
three retrieval practice methods were used (seergip 4B for examplesjerm retrieval
(Experiments 1-2; fill-in-the-blank questions iniafn a missing term was to be retrieved),
higher order questionExperiments 3-4; primarily short answer questionghich a
process step needed to be retrieved, the relatpbstween terms needed to be identified,
or inferences about the concept had to be made)eameval-verification-scoring
(Experiments 5-6; a new method in which the ertimecept, excepting one or two cue
terms, had to be retrieved, followed by a serieieeflback processing methods).

Feedback methoddVNe implemented feedback in six different waysisThcluded
three feedback types (see Appendix 4B for examysasple correct answer feedback
(Experiment 1) which involved just the term thatsveupposed to be retrieved (e.g.,
transcription); process timelineExperiment 2) which involved a timeline of the
underlying conceptual process (e[@NA— transcription— RNA— translation— protein);
andwhole concept feedbacll except Experiment 1) which involved presemtatof the
entire concept in text forrh.Feedback was presented and processed usingiffezent
methodsimmediate feedbadlall except Experiment 2felayed and repeated feedback

(Experiment 2); and feedback in which subjects kbdderms, scored their performance
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on those terms, and then copied the entire preseotecept (i.eretrieval-verification-
scoring Experiments 5-6). Those which involved more thrmmediate correct answer
feedback can be classifiedeaborativeforms of feedback (Butler, Godbole, & Marsh,
2013). Any of these methods might enhance inde#etts of retrieval practice.

Criterial test. Two days after training, subjects completed apatied short answer
criterial test. This criterial test, modelled aftieat used in Pan, Gopal, et al. (2016) and
Pan, Wong, Potter, Mejia, and Rickard (2016), wigmiical across all experiments and
featured three contiguous blocks in which each ephwas tested once per block and with
a different to-be-retrieved term per block (e.gr,drotein synthesjgranscription,
translation andRNAwere assessed). The instructions directed sulifecexall the exact
terms that they had previously learned for eacltepn No feedback was provided.

Based on prior literature, it was expected thateheould be a substantial benefit
of cued recall on the criterial test for terms tvatre previously testedested-same
condition), relative to terms from concepts thateweestudiedréstudiedcondition). The
primary question of interest was whether there @dnd a benefit of cued recall for
previously untested terms from tested concaptt€d-differentondition) versus the
restudied condition, and under what training caodg such a benefit would manifest.

Experiment 1

The first experiment served to assess whetherntbe ecall and feedback methods
used in prior studies of cued recall and transfeoss terms from facts could yield transfer
for process-based biology concepts that were sappieed by diagrams and definitions

during initial study. It was the first of two exjr@ents in whichterm retrievalquestions
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were used during trainingSimple correct answer feedbaesfs also implemented in this
experiment only.
Method

Subjects.In all experiments, subjects were recruited frbm tame subject pool and
identically compensated. In Experiment 1, fiftgtai undergraduate students recruited
from a large research university participated faurse credit. Data from one subject was
excluded due to computer error, leaving 57 subjeetis for analysis. That sample size
well exceeded our per-experiment target (a sampéedd 45 is needed to achieve 0.85
power to detect a mean proportion correct diffeednetween the tested-same or tested-
different condition and the restudied conditior0Od¥4 or greater on a one-tailed, one-
samplet-test ato = .05, based on the a priori power analysis regort Pan, Gopal, et al.,
2016).

Design and procedureln this and all subsequent experiments, the inoleget
variable, namely training via cued recall testimgsus restudy, was manipulated within-
subjects. There were two experimental sessiamghel first session, subjects were first
informed that their task was to learn a seriesi@blgy concepts. An initial study period
followed in which 36 concepts were studied one taha as previously described. This
was followed by a training phase in which each epmhevas tested or restudied once for 10
s each. Testing and restudy trials were randomdgred within a single contiguous
training block. Testing involved a single fill-the-blank test question with immediate
correct answer feedback (presented for 8 andeéspectively) and restudy involved

viewing the concept in sentence form. After a tla&ydelay, subjects returned for the
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criterial test as previously described.

Materials. The materials consisted of 36 process-based hjaogcepts drawn from
Freeman et al. (2014). Each concept was a bi@dbgiocess involving at least two
discrete steps and took the form of a single seetanth a mean length of 18 words. The
mean Flesch-Kincaid reading grade level of the eptecwas 12.8. Three essential terms
that represented crucial components or steps werdified for each concept (e.qg.,
transcription, translationandRNA). There was largely minimal overlap in contend ao
terms shared between concepts. Three fill-in-fhelbtraining questions and three
corresponding short answer criterial test questieash targeting one of those terms, were
created for each concept. The criterial test guestvere identical to the training
guestions except for the usetbé word WHAT” in place of the answer blank.

Visual-conceptual diagrams and term definitio3uring initial study, each
concept was presented in sentence form and accaeapay a visual-conceptual diagram
and a glossary of term definitions (see Figure.4B9th appeared only during that portion
of the experiment and were intended to aid subjeaerstanding of the concepts, many
of which included unfamiliar jargon (e.g., termgkwascochlea effector phospholipid.

The diagram consisted of a color drawing of congagprocesses with arrows specifying
individual steps or movements. Labelled repredems of each of the three essential
terms, plus any other jargon terms or importamisstevere included with each diagram.
The glossary defined each of the three essentiraktéor each concept plus any other
jargon terms that were also present. Each terth@diagram and in the glossary was

present in exact matching form in the concept semte
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Training and criterial test lists Each subject trained using one of six
counterbalanced training lists. There was onaitngitrial per concept on each list. Half
of the concepts were tested using a fill-in-theaklguestion and the remainder was
restudied. Assignment of concept to cued recstirig or restudy, and the question that
was used for each concept (i.e., the term needed tetrieved), was counterbalanced
using a Latin square. Six additional test listg;hecorresponding to one of the training
lists, were used for the criterial test. Eachecid test list contained three blocks of 36
short answer questions each, with each concepses$sence per block and on one of the
three terms per block. There were 6 tested-sarestigns, 12 tested-different questions,
and 18 restudied questions per block on the caitégst.

Data coding and analysisTraining and criterial test data were computeredo
Typed responses that exactly matched the corrsgtean(ignoring capitalization) were
scored as correct. In this and all subsequentrarpats, we performed two planned
orthogonal contrasts that were motivated by piidtihgs of no transfer: (a) an Analysis
of Variance (ANOVA) with factors of Tested-same Mat Tested (i.e., the tested-same
condition vs. the tested-different and restudiedlditions combined) and Block; and (b) an
ANOVA limited to data from the tested-different arestudied conditions only, with
factors of Tested-different vs. Restudied, and Blo€his latter contrast directly tested for
transfer relative to restudy. We used a signifeeacriterion ofx = 0.05 for all statistical
analyses.

Results

Initial study and training.Subjects spent an average of 19 min studying the
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concepts, or about 31 s per concept. During tngirthey typically retrieved the correct
answer to less than one-third of the questidms: (0.27) prior to viewing feedback (Table
4.2). This relatively low rate of retrieval sucedas compared to typical rates in the
literature; catalogued in Pan & Rickard, 2018) usderes the difficulty of learning
process-based biology concepts despite the presénicdgrams and definitions during
initial study.

Criterial test. Results are listed in Table 4.3 and depicted gufé 4.2, panel a. An
important initial observation is that criterial tgerformance across all blocks in the
tested-same condition was substantially higher thahduring trainingNl = 0.50 vsM =
0.27), confirming the expectation that traininglgeal substantial learning in that
condition. In the first ANOVA contrast with factas previously described (Table 4.4),
there was a main effect of Tested-same vs Not @esléais is consistent with a retrieval
practice effect for previously tested items asvigdent in Figure 4.2. There was also a
main effect of Block and no interaction. This ansistent with a performance
improvement across blocks, an expected pattermdhat the answers to criterial test
guestions in blocks 2 and 3 were viewable in prizediocks. In the second contrast,
there was no main effect of Tested-different vsstRdied, which is consistent with there
being no benefit of cued recall for untested teretative to restudy. In other words, there
was no evidence of positive transfer.

Effect of prior course experiencén this and subsequent experiments, exit surveys
revealed that 53-77% of subjects had universitgll&iology or AP Biology course

experience. Those with experience tended to parfmtter overall, but transfer patterns
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did not differ substantially between groups (simiaPan, Gopal, et al., 2015; Pan &
Rickard, 2017). Thus, we do not further discussilts as a function of course experience.
Discussion

In this experiment, although there was a benefttuafd recall for tested terms,
there was no evidence of transfer of that leartonifpe tested-different condition. This
result replicates the findings of Pan, Gopal, e(2016) using non-process-based materials
supplemented by diagrams and definitions and vinitfilar training methods. Further, in
two unpublished follow-up experiments not detaihede, we observed the same results
when a different term had to be retrieved on eddtvo training blocks, similar to Pan,
Wong, et al. (2016; Experiment 2), and when twongehad to be retrieved per trial,
similar to Hinze and Wiley (2011; Experiments 1 &)dbut with feedback. Thus, the
benefits of cued recall combined with simple carestswer feedback appears to be
specific to tested terms for the case of procesgedaoncepts in the context of diagram-
and definition-augmented study, extending our presults.

Experiment 2

In the literature there has been one successfubdsimation of transfer from tested
to untested biology terms, relative to restudyngsdill-in-the-blank cued recall tests.
McDaniel, Anderson, et al. (2007) had studentsledan a university-level brain and
behavior course initially learn target materiala assigned readings and classroom
lessons. The students then completed practicequéigtions online over three weeks and
in preparation for a later unit test. Questiongimestion feedback consisting of the

attempted answer and the correct answer was piboidly after each quiz was submitted.
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That feedback could be viewed repeatedly untildéuie of the unit test, on which positive
transfer was observed relative to restudy (albéhaut strict controls for time-on-task
during training in the testing and restudy condisip None of those design features were
present in our initial experiment. Thus, to bridige differences between Experiment 1
and that prior work, and to further improve thedkeof learning that subjects achieved for
each concept with the aim of observing transfeExperiment 2 we implemented multiple
exposures to each concept during a standalonalisitidy session (designed to
approximate lessons and readings that studentsamglete before using retrieval
practice), had subjects train on those conceptsdelayed and repeated feedbaakd
includedwhole concept feedbaak which process timelinesere shown. This design was
intended to conceptually replicate McDaniel, Anderset al.’s experiment in a laboratory
setting?
Method

Subjects.Forty-seven subjects participated for course trddata from 4 students
were excluded, 2 due to a computer error and Zalnet following instructions, leaving
43 subjects that were included in the data analysis

Design and procedureUniquely in this experiment, there were three expental
sessions. The first session was entirely devateéoitial study of the concepts. Subjects
began that session by cycling through each correpeiatedly for 30 minutes. During that
period the concepts and term definitions were prieskein paragraph form (see Appendix
4C for an example) with supporting diagrams. Newubjects cycled through each concept

repeatedly for an additional 30 minutes. During thme each concept was presented only
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in sentence form.

Training methods.The second session occurred 48 hrs after thte fraring this
session, subjects trained on the concepts usiAg-tihe-blank tests or restudy across
separate blocks, presented in random order. Eaicting block lasted 12 min. During the
test block, subjects answered one fill-in-the-blgnkstion per tested concept. After all
guestions were answered, they viewed question-legtipn feedback. That feedback
consisted of the whole concept in sentence forgir Hitempted answer, and a process
timeline. They were instructed to cycle througattteedback repeatedly at their own pace
until time had elapsed.

The restudy block had a similar structure. Subjécst viewed each restudied
concept once in sentence form. They next vieweddltoncepts again in sentence form
and with process timelines, similar to the testditton. They were instructed to cycle
through those concepts repeatedly at their own patietime had elapsed. The second
session ended after both training blocks werehiguls Finally, after a second 48 hr delay,
subjects returned for a criterial test that usedsdime design as that of the prior
experiment.

Learning instructions.Uniquely in this experiment, the instructiongha outset of
session two informed subjects that they would amimg for an exam in session three.
Moreover, at the outset of the test block, theyeateld that the practice questions
resembled exam questions, but that any part aftadeconcept could be assessed on the
exam; thus, they should learn entire concepts.inguhe restudy block, subjects were told

to study.
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Materials. The materials consisted of 24 biology conceptsvdritom the set used in
the preceding experiment, a reduction due to thisties of experiment scheduling, and
with training and criterial lists altered to matdRor initial study, a textbook paragraph-
style version of each concept, using short senteacd with term definitions embedded
within the paragraph, was created. The paragrapti; mean length of 79 words and a
Flesch-Kincaid reading grade level of 11.3. Fedieack, a timeline of process steps was
created for each concept as previously descriddidother materials were identical to
those in the prior experiment.

Results and Discussion

Initial study and training.During the first and second halves of the iniiaidy
period, respectively, subjects viewed each conaeverage of 6 and 4 times (for 21 and
31 s each). During training, subjects cycled tigitodelayed feedback an average of 8
times per tested concept (11 s per concept) amdesteach per restudied concept (16 s per
concept). Subjects’ training accuracy Whs 0.62, a substantial improvement over
Experiment 1 (Table 4.2). This is especially négaven that training took place 48 hrs
after initial study, which allowed more time forftting to have taken place, and
suggests that the standalone initial study sessiabled subjects to attain a higher level of
understanding of each concept.

Criterial test. Results are listed in Table 4.3 and depicted gufé 4.2, panel b;
ANOVA results are listed in Table 4.4. As is ewitden the figure, criterial test
performance was improved over the preceding exgeriacross all conditions.

Moreover, for the tested-same condition, perforredaaear ceiling. These results likely
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reflect the more extensive initial study and tnaghimethods that were used. However, the
now-familiar pattern, namely a retrieval practi¢eet for tested-same terms and minimal
transfer to tested-different terms relative tordgstudied condition, was still observed.
Thus, in this experiment we were unable to repredbe findings of McDaniel, Anderson
et al. (2007) in a laboratory setting and despsiagimany of the same training methods
(albeit without learning in the context of an adtclass, or training on multiple sessions
across several weeks — issues that we further sgldreéhe General Discussion). Overall,
the results of both Experiments 1 and 2 reinforseconclusion that cued recall in the
form of simple fill-in-the blank questions tendsyield highly specific learning.
Moreover, the results of Experiment 2 rule outhigpothesis that delayed and repeated
feedback that includes more than just correct ars@e., to fill-in-the-blank questions) is
always sufficient to yield indirect transfer to ested terms.
Experiment 3

The third experiment was the first of two experitsan which we investigated
retrieval practice methods that require learnexttsider connections between different
components of a concept. In the literature, sagsearchers have suggested kigher
order questions, including questions that require subjretrieve more than just an
isolated portion of a fact or concept, yields hetteerall understanding and may improve
certain types of transfer (e.g., Jensen et al.42Rarpicke & Aue, 2015). Accordingly, in
this experiment each tested concept was trainadifoes using two question types:
process steguestions, which required retrieval of half of eaoncept from memory, and

order questions, which required the determination ofditenal relationship of two terms
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from a concept. The use of two question types ialsoduced variation (i.e., potential
encoding variability) in the types of retrieval ptiae performed for each tested concept.
Method

Subjects.Fifty-four subjects participated for course creditata from 4 subjects was
excluded due to computer errors and 7 subjectadlideturn for the second session,
leaving 43 subjects’ data for analysis.

Design and procedureThe primary difference in this experiment was tilagning
phase design. Subjects completed four successiveny blocks in which each concept
was tested or restudied once per block for 20 @ fantest trials, 10 s for retrieval and 10
s for feedback). Test and restudy trials were oargl intermixed in each block. With this
experiment we also reverted to having both ingtady and training occur in an initial
session.

Training methods.For process step questions, subjects were ghename of the
concept and askedyWhat occurs in the first step? Answer completétly all details.” (or
that question but witsecondnstead ofirst). For order questions, subjects were
presented with the name of the concept, two temadphabetical order, and asked,
“Which of these occurs first in the procesq®i that question but witeecondnstead of
first). Thus, order questions constituted a form of-alternative forced choice question,
marking the sole deviation from cued recall in phesent experiments. Importantly, each
tested concept was trained with one process stegtiqn and one order question, with
each concept tested once per block and on oneiguégbe per block. Whole concept

feedback was provided immediately after each natiattempt. On restudy trials, subjects
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viewed entire concepts in sentence form.

Learning instructions.To answer test questions, subjects were tolliid tof the
entire concept, including its constituent procestesecall exact words; and to check
feedback word-by-word for complete comprehensibar restudy trials, subjects were
told to study.

Materials. To facilitate process step questions, all 36 cptsceere reworded into
two separate sentences that identified the two istajps for each concept in sequence
using the connective word§irst” and ‘second’or “as a result” (e.g.,protein synthesis
involves two steps. In the first, DNA is first immpinto RNA via transcription. In the
second, RNA is coded into protein via translajiomhe sentences had a combined mean
length of 17 words and a Flesch-Kincaid readingigiavel of 7.6, the reduction in grade
level due to the added connective words. Eachepingas presented in two-sentence
form throughout the experiment.

Two process step and two order questions wereettdéat each concept, one per
step, with the assignment of question to concephimrbalanced across four training lists.
The names and terms of several concepts were radddiavoid overlapping between
cues and responses. Each order question requibgetts to select between two terms,
one from each step. For each subject, the coaresster to the process step and order
guestions for each tested concept referred toaime step (e.q., if retrieval of the first step
was required for the former question, then idemitya term from the first step was
required for the latter question). On the critetest, which was identical at the trial level

to that of the prior experiments, two terms frorattstep were assessed in the tested-same
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condition and one term from the other step (itee,ltre in the order question) was
assessed in the tested-different condition (cfld,iBjork, Bjork, & Angello, 2012). There
were 12 tested-same questions, 6 tested-differezdtipns, and 18 restudied questions per
criterial test block.

Data coding. All process step questions were scored by raterd to condition
using a rubric of idea units for each concept ¢feihg the method detailed in Pan &
Rickard, 2017). All other questions were compstared in the same manner as in the
preceding experiments.

Results and Discussion

Initial study and training.Subjects spent an average of 23 min, or 38 sqerept,
during initial study. During training (Table 4.2)ean performance improved from the
first to second administrations of each procegs atel order question (reaching= 0.54
and 0.87, respectively).

Criterial test. Results are listed in Table 4.3 and depicted gufé 4.2, panel c;
ANOVA results are detailed in Table 4.4. The sawerall pattern as in the prior
experiments was again observed. Mean performanite itested-different condition
reached parity with the tested-same condition lbgloB, but the interaction with Block
was not significant. Moreover, across blocks 1 2nithere was little indication of positive
transfer, and the first block constitutes the punmesasure of learning from the first
session. Thus, although process step and ordstigog required a greater understanding
of the relationship between different componentsawh tested concept than term retrieval

guestions, and also targeted each concept in eliffavays (albeit with some overlap in
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content), using those questions in conjunction witlole concept feedback still yielded
specific learning as in the earlier experiments.
Experiment 4

In the fourth experiment, we continued our invedign of higher order questions
by having subjects train on concepts using prosegsquestions andference questions.
This latter question type required subjects togrdage information about each tested
concept in a different way from that in which itswariginally presented, which might
promote greater conceptual understanding and ingpirawnisfer (Jensen et al., 2014).
Method

Subjects.Forty-nine subjects participated for course creBiata from 5 subjects
was excluded due to computer or experimenter emdrl subject did not return for the
second session, leaving 43 subjects’ data for argaly

Design and procedureThe design and procedure were identical to théhef
preceding experiment, except that inference questicere used in place of order
guestions. Directions to think of entire concepsall exact words, and completely check
feedback were provided for test trials, just aExperiment 3.

Materials. One of the authors with experience as a biologyi@® instructor created
an inference question for each of the 36 concept®se questions replaced the order
guestions on the training lists. Depending oncihrecept, the inference question required
integrating multiple pieces of information (e.tyvhat is the purpose of plasmogamy in
fungal cells?”), identifying a critically important component process (e.g.the process

of gene flow affects what aspect of a population®@t determining a hypothetical state of

164



a conceptual process (e.tf protein synthesis could be reversed, what moleavould
you end up with?). The answers to these questions did not nedlgyssser to any of the
essential terms for the tested concept but couldeleed from the provided whole
concept feedback.

Data coding. All process step questions were scored using gaotedures as in the
prior experiment, with those procedures adapteddoring inference questions.

Results and Discussion

Initial study and training.Subjects spent an average of 23 min, or 37 sqerept,
during initial study. During training (Table 4.2)ean performance improved from the
first to second administrations of each procegs atel inference question (reachiMg=
0.57 and 0.70, respectively).

Criterial test. Results are listed in Table 4.3 and depicted gufé 4.2, panel d;
ANOVA results are detailed in Table 4.4. The sawerall pattern as in the prior
experiments was yet again observed. Moreover, mpegormance in the tested-different
condition was lower than the tested-same and resstubnditions in block 3. That
apparent negative transfer was evident in the gdhal contrasts (Table 4.4), but is an
anomalous result in the context of all prior resaihd may thus reflect random variance.
Overall, the results of Experiments 3 and 4 areniscstent with the hypothesis that higher
order questions of various types always yield tiemnable learning, at least for the case of
transfer to untested terms.

Experiment 5

Given the prior failures to observe positive transive next investigated more
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extensive cued recall and feedback techniqueshyfethesized that subjects (a) had to
be made aware of the importance of including migdtgxact terms in their retrieval
attempts through actual experience and not jusutiir instructions; (b) their attention had
to be specifically directed to each essential tereach tested concept; and (c) they had to
focus on both while processing feedback. To a@htbese goals, we drew inspiration
from Rawson and Dunlosky’s (2011) useetrieval-monitoring-feedbackials in which
subjects had to check each of several main ideagpved definition; without such
checking, subjects could erroneously regard incetepdnswer attempts as fully correct.
We ultimately developed a new training techniqesrieval-verification-scoringwhich
involved recalling nearly entire concepts and tbleecking terms, scoring terms, and
viewing and copying whole concepts. This was arfare time-consuming procedure than
in prior experiments, potentially boosting transdethe cost of efficiency and complexity.
Moreover, given the extensive use of feedback eh &sst trial, any observed transfer
could be attributed to indirect effects of retriepeactice.

Uniquely in this experiment, rather than settirigtal time limit across the test and
restudy conditions (which given the more time-canswy nature of retrieval-verification-
scoring trials under self-paced training would hgidded large disparities in the number
of trial repetitions per concept), we equated thalttrial repetitions per concept across
training conditions (i.e., three repetitions eachiwrther, to equate the amount of word-for-
word copying that occurred in both conditions, wglemented copying during both test

and restudy trials.
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Method

Subjects.Fifty-seven subjects participated. Data from Bjascts was excluded due
to computer or experimenter errors and 5 subjedtaat complete the second session,
leaving 46 subjects’ data for analysis.

Design and procedureOnly the training phase substantially differedhirthe
preceding experiments. Subjects completed threeessive test blocks and three
successive restudy blocks (with the starting ocdeest or restudy randomly assigned) and
with each block having exactly one trial per coricgph no time limit. Thus, subjects
completed a total of three test or three restudistper concept.

Training methods.Each retrieval-verification-scoring trial involyehe following
steps (see Figure 4.3 for an example). Firstemtbjattempted to answer a difficult fill-in-
the-blank question which required retrieval of mg#re entire concept except one
essential term. After submitting their answer, fddback screen appeared. On that
screen, the answer attempt was displayed alongthétthree essential terms for that
concept, one of which was the cue in the precegiuggtion. Subjects had to verify
whether they had correctly typed each of thosegdsynmarking yes or no. Next, they
counted how many terms out of 3 that they had ctyreecalled and typed that number as
their score. Finally, the whole concept was presifor subjects to copy. By
comparison, in the restudy condition, subjects §mjgwed and copied whole concepts.

Learning instructions.In the test condition, subjects were encouragddily learn
each concept and to improve their scores over plaléttempts. In the restudy condition,

subjects were told to study.
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Materials. The materials consisted of 24 biology conceptie-sentence form as in
the first two experiments. Three difficult fillHthe-blank test questions were created for
each concept. In each, all but one essential &g in many cases, one article word (i.e.,
a, an, orthe) that preceded that term, was replaced with aimoods blank line or several
lines interspersed with punctuation marks. Onctiiterial test, the terms that were to be
retrieved during training were assessed in thedesame condition and the terms that
were cues to training questions were assessee itested-different condition. There were
8 tested-same, 4 tested-different, and 12 restugliedtions per criterial test block. All
other materials were largely identical to thoseduseprior experiments.

Data coding. Difficult fill-in-the-blank questions were computscored in terms of
the number of essential terms correctly recalledcpacept.

Results and Discussion

Initial study and training.Subjects spent an average of 14 min, or 34 sqerept,
during initial study. During training, mean sulijeerformance improved across each of
three test trials per concept (Table 4.2), reachMrg0.59 by the third iteration. As
expected, the more time-consuming nature of redtegrification-scoring trials (subjects
spent an average of 84 s each vs. 26 s for restadylted in a large time-on-task
difference; subjects spent an average of 47 maotoplete three repetitions per tested
concept, versus only 15 min for restudy.

Criterial test. Results are listed in Table 4.3 and depicted gufé 4.2, panel €;
ANOVA results are detailed in Table 4.4. As isd®nt in the figure, there was evidence

of positive transfer relative to restudy. Perfont@was best overall in the tested-same
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condition, second best in the tested-different d¢mmd and lowest in the restudied
condition. Thus, the use of retrieval-verificatiscoring trials — a method that directed
subjects to attend to the essential terms of eanbept, highlighted the importance of
correctly recalling and verifying exact terms, amtouraged and provided the opportunity
to closely examine entire concepts (albeit with Imgeater time required under self-paced
training conditions) — elevated performance fohested and untested terms above that
of conventional restudy.
Experiment 6

Having demonstrated a method of cued recall witeresively processed feedback
that successfully yielded transfer relative toudgt for the final experiment we attempted
to replicate that finding under conditions of gtdontrol for time-on-task, fixed-paced
training, and equal training phase item repetitio®e also included a modified restudy
control that was potentially more competitive wigisting.
Method

Subjects.Forty-eight subjects participated. Data from Bjsats were excluded due
to computer or experimenter errors, and 3 subjgete unable to fully comply with
instructions, leaving 40 subjects’ data for analysi

Design, procedure, and material3his experiment incorporated the design of its
predecessor with the following changes: there wigsed time limit of 70 s for both test
and restudy trials (and for retrieval-verificatisoering trials, 30 s for testing and 40 s for
feedback), and there were two repetitions of eitbsting or restudy trials for each concept

across contiguous blocks (four training blocksoitak). Thus, in this design, subjects that
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had not fully completed all steps of a retrievatHigation-scoring trial by the trial time
limit were not permitted to do so and immediatedgén the next trial. Time limits were
chosen based on prior experiment data and experimesslot logistics. Additionally, in
the restudy condition, the three essential ternte wigown alongside the whole concept
for one-third of restudied concepts (with the setgcof concepts for which terms were
shown counterbalanced across training lists). étbjwere informed that those terms,
where present, were additional information for therstudy. This was intended to further
control for the display of terms during retrievarification-scoring. Materials were
otherwise identical to that of the prior experiment

Results and Discussion

Initial study and training.Subjects spent an average of 14 min, or 36 sqerept,
during initial study. Performance improved oz two test trials per tested concept
(Table 4.2), reachiniyl = 0.41 by the second iteration.

Criterial test. Because criterial test performance in the restudandition for
concepts with essential terms displayed was né¢tbtan restudied concepts without
terms displayedM = 0.61 for both; data averaged across criterialldkesks), suggesting
that the presence of those terms during some nestiats was ineffective at improving
performance, data from restudied concepts thabddid not have terms separately
displayed during training were combined in the gsed. Results are listed in Table 4.3
and depicted in Figure 4.2, panel f; ANOVA resuaite detailed in Table 4.4. We again
observed evidence of positive transfer relativeegiudy, replicating the results of the

preceding experiment. Thus, the results of theeErpents 5 and 6 indicate that cued
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recall combined with extensive feedback processiaga level substantially beyond that
used in earlier experiments — can yield transfanftested to untested terms.
General Discussion

In the forgoing experiments we explored whethegrges of cued recall-based
training and feedback methods could yield tranffeprocess-based biology concepts.
This research encompassed fill-in-the-blank quastiprocess step questions, order
guestions, and inference questions, none of wippleared to be sufficient alone to induce
transfer. Additionally, enrichment of initial styidsing diagrams and definitions,
extended initial study periods, immediate or detbfgedback, repeated feedback, or
feedback which contained whole concepts or protesdines was insufficient to generate
transfer. Rather, criterial test performance mtiésted-different condition was in all of
those cases (Experiments 1 through 4) nearly elguntvzar numerically lower than that in
the restudied condition, just as occurred in pnork on this topic (excepting paired
associate materials; see Carpenter, Pashler, &006; Rickard & Pan, 2018). Those
results underscore the nontrivial challenge ofglesg a task that produces transfer of
cued recall learning on a process-based concgpetaously untested terms from that
concept. Ultimately, the use of substantially mexeensive feedback methods
(Experiments 5 and 6) which required subjects tckhand verify different components of
each concept, followed by copying that concept, mexsessary to generate transfer.
When Indirect Effects of Testing May Yield Transfer

The absence of transfer in Experiments 2 throughprticularly notable given

that the post-retrieval elaborated feedback methsdd in those experiments resembled
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that used in prior studies in which indirect traanséf various types has been observed
(e.g., Butler et al., 2013; McDaniel, Andersonlet2007; cf. McDaniel, Wildman, &
Anderson, 2012). Those contrasting results irfutdher consideration of the conditions
under which various feedback types are effectiyeedtling transfer.

The efficacy of different feedback typ&egarding the delayed, extended, and in
some cases repeated feedback of McDaniel, Andeesah,and Experiment 2 of the
present work, two general differences betweengtuaty and this experiment may account
for the contrasting transfer results, althoughhegipossibility can at present be clearly
linked to a psychological mechanism. First, théhantic educational context and longer
learning interval (i.e., up to three weeks instebd8 hrs) in that study may have been
pivotal. During that time, students likely tookvatitage of repeated and spaced feedback
learning opportunities, plus studied relevant ceumaterials. Post-retrieval study of
materials (i.e., reading text passages or chaptessilso been employed in several other
retrieval practice studies that observed positigadfer to application and inference
guestions (e.g., Karpicke & Blunt, 2011; Lechugae@a-Tudela, & Gémez-Ariza, 2015;
McDaniel, Bugg, Liu, & Brick, 2015; McDaniel, Howdyr& Einstein, 2009). Moreover,
the online quizzing and feedback platform used gDisiniel, Anderson, et al. has since
been used to successfully generate transfer beti@etral and application questions
(Thomas, Weywadt, Anderson, Martinez-Papponi, & Mol2l, 2017; cf. McDaniel,
Wildman, et al., 2012, described further next)cdel, transfer may be easier to achieve
for the neuroscience facts used in that study thathe process-based concepts of the

present work.
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Further, transfer of different types (i.e., to apgiion and inference questions and
to untested materials seen during the initial sfpiolyse, respectively) than that pursued in
the present experiments was the focus of Butlat.¢2013) and McDaniel, Wildman, et
al. (2012), both of which used explanatory feedbadkich was comparable to the whole
concept feedback and process timelines used inrlExgets 2 through 4). A recent meta-
analytic review found that the effects of retriepedctice on transfer can vary substantially
by transfer type and tend to be more robust fotiegipon and inference questions than to
untested materials seen during initial study oos&terms from a fact or other multi-
element stimulus (Pan & Rickard, 2018). Additiopagxplanatory feedback has not
always yielded strong positive transfer relativedstudy in prior work (e.g., it was
observed in Butler et al. but was not significanMcDaniel, Wildman, et al., although
there were differences in the amount of explanatontent provided). Given the current
results, it follows that indirect transfer is not @assured consequence of even deliberately
implemented post-retrieval elaboration in the farheither explanatory feedback or many
of the other aforementioned feedback types.

Retrieval-verification-scoring and transfekVhen we did observe transfer, it
required extensive post-retrieval study-like atiééd. For Experiment 5, we interpreted the
observed transfer as reflecting indirect effecteetrieval practice, although that inference
was tentative due to a potential time-on-task confb That confound was eliminated in
Experiment 6, and more complete (albeit smallenagnitude) transfer was observed.
Thus, we conclude that it is possible to achiediratt transfer of test-based learning for

process-based concepts, but that such transferenayre any or all of the post-retrieval
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activities used in the retrieval-verification-saagiprocedure.

Retrieval-verification-scoring differed from theef#back presentation and
processing methods used in prior experiments infdwajor ways. First, the verification
step directed subjects’ attention to each of tisertsal terms per concept, including the
term that was later assessed in the tested-ditfemdition on the criterial test. Second,
that step provided subjects with firsthand knowkedgthe importance of fully and exactly
recalling key components of each concept. Third,dcoring step furnished subjects with
a numerical measure of their mastery of each cdncCEus may have corrected inaccurate
judgments of learning and motivated greater leaoim subsequent trials. Finally, all of
these feedback processing steps may have enhdreetfitacy of the final copying step.
Overall, a prerequisite for transfer from testedtested terms appears to be training
procedures that deliberately focus learners’ attarib those terms during feedback and
not just instructional prompts, the provision ofmmexplanatory details, or other types of
elaborative information.
Limitations, Educational Implications, and Futureoik

The reader might suspect that the lack of tranef&xperiments 1 through 4
reflects the fact that subjects did not undergpdmmceptual learning during either the
initial study or training phases. We are operhti possibility, even in the case of
extensive initial study in Experiment 2. If trdywever, it does not necessarily constitute
a weakness of this work from the applied perspectiWe are probably not alone in our
strong intuition that the onset of deep conceptnalerstanding in STEM fields lags the

acquisition of facts and of more tenuous, and gfiesewise, conceptual understanding.
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Further, progress through those levels may be sacgfor achieving deeper
understanding (Anderson & Krathwohl, 2001). Inttlght, the current insights regarding
transfer may be especially applicable to classrbased cued recall tests with feedback,
and for novice and intermediate students. Itss ahportant to recognize that the new
manipulations that improved transfer in Experiméngnd 6 (i.e., retrieval-verification-
scoring) are unlikely to have yielded a substatgiap in deep understanding relative to
Experiments 2 through 4. Rather, that transfalyikeflects the greater efficacy relative to
restudy of those manipulations in focusing subjeaitention on the entire stimulus
presented on practice test trials compared todgstiuture work that further explores the
critical properties of activities that produce irgdit transfer, and especially feedback
methods such as the retrieval-verification-scornmgghod employed here, is warranted.
Our demonstration of retrieval-verification-scorialgo represents a proof-of-
concept for more complex (but potentially more etifee, contingent on learning
objective) forms of cued recall practice that mayanly be useful for improving transfer
across terms for process-based concepts and dithefige.g., multi-term facts), but also
for computer-based training programs more gener&@lych methods could be refined
(i.e., made more efficient) via the use of automa®eoring procedures, adaptive
algorithms that tailor training schedules to parfance levels, or even gamification that
incorporates the goal of score improvement ovenitrg trials. As retrieval practice
research increasingly addresses issues of praapgdication, more sophisticated
implementations of retrieval practice may emerga higghly competitive alternative to

conventional cued recall methods.
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[ Study this concept, then press ENTER. }

In the process of gastrulation, gastrulas are formed
when an embryo organizes into three germ layers.

DEFINITIONS:

Gastrula: an embryo that is organized in
three germ layers.

Embryo: the earliest stage of

P for multicellul gastrula
organisms. &
S, S
: i i g3 B~
Germ: a layer that is a group of cells in o 5 & 00,
an embryo. Qe WP

embryo

germ
layers

[ Type the missing word.

Gastrulas are formed when an
reorganizes into three germ layers?

Figure 4.1. Example initial study and cued recall trainingttiials (top and bottom
panels, respectively). During initial study, copiseare shown with diagrams and
definitions. During the training phase, concepisteained using cued recall (fill-in-the-
blank example from Experiments 1-2 displayed) studied (not shown).
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Figure 4.2 Criterial test results of Experiments 1-6. Efpars are standard errors based
on the interaction error term of a within-subjemt&lysis of variance on subject-level
mean accuracy scores (based on Loftus & Masso)199
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[ Please type the full concept as best as you can, then press ENTER. |

The process of hormonal regulation involves:
The hypothalamus

[ Follow the instructions below. ]

Your : “The hypothal. rels hormones.”

Did your answer include these EXACT words? (Type Y or N)
Hypothalamus? YES
Pituitary? NO

Signals? NO

| Follow the instructions below.

Your : “The hypothal: rels hori

Did your answer include these EXACT words? (Type Y or N)

Hypothalamus? YES

Pituitary? NO
How many did you 1 /3
Signals? NO include? Type 0,1,2,0r3

I Follow the instructions below. ]

Your : “The hypothalamus rel hor

Did your answer include these EXACT words? (Type Y or N)

Hypothalamus? YES

Pituitary? NO
How many did you 1 /3
Signals? NO include? Type 0,1,2,0r3

Copy the complete concept: “The hypothalamus releases hormones which then affect the pituitary
and the signals it sends.”

| |

Figure 4.3 Exampleretrieval-verification-scoringrial used in Experiments 5-6. First
panel: difficult fill-in-the-blank question. Secadmpanel: subjects check their answer for
essential terms. Third panel: numerical scorifgurth panel: whole concept presented for

word-for-word copying.
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Table 4.1.Summary of training methods used.

Restudy condition

Exp. Question type Feedback condition
Term retrieval
1 Fill-in-the-blank Correct answer only
2 Fill-in-the-blank Whole concept, process
timeline

Higher order questions
3 Process step + order Whole concept
4 Process step + inference  Whole concept
Retrieval-verification-scoring

5 Difficult fill-in-the-blank  Terms scored, wholoncept
copied

6 Difficult fill-in-the-blank  Terms scored, whskoncept
copied

Wholencept

Whole concept,
process timeline

Whole gince
Whmieapt

Whole concept copied

Whole concept copie
with or without terms
listed for study

Note: Exp. = Experiment.
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Table 4.2. Training phase mean (SE) accuracy data.

Initial test proportion correct

Training Training Training
Exp. Question type block 1 block 2 block 3
Term retrieval
1  Fill-in-the-blank 0.27 (0.02¢ - -
2 Fill-in-the-blank 0.62 (0.03z - -
Higher order questions
3  Process step 0.36 (0.021) 0.54 (0.028) —
Order 0.78 (0.031) 0.87 (0.027) —
4  Process step 0.38 (0.023) 0.57 (0.028) —
Inference 0.51 (0.031) 0.70(0.033) -—

Retrieval-verification-scoring
5  Difficult fill-in-the-blank 0.33 (0.024) 0.51 (0.021)0.59 (0.015)

6 Difficult fill-in-the-blank 0.21 (0.056) 0.41 (0.065) —

Note: Exp. = Experiment.
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Table 4.3.Criterial test mean (SE) accuracy data.

Exp. Condition Block 1 Block 2 Block 3
Term retrieval
1  Testersame 0.46 (0.037 0.49(0.041 0.51 (0.04C
Testerdifferent 0.31 (0.027 0.37 (0.032 0.40 (0.03C
Restudie 0.32 (0.027 0.42 (0.03C 0.41 (0.02¢
2  Testersame 0.85(0.031 0.84(0.027 0.85 (0.02¢
Testerdifferent 0.69 (0.03€  0.72 (0.03€ 0.75 (0.03%
Restudie 0.68 (0.032 0.75(0.02€ 0.77 (0.027
Higher order questions
3  Tested-same 0.68 (0.031) 0.70 (0.031) 0.69 (0.031)
Tested-different0.59 (0.036) 0.64 (0.041) 0.69 (0.036)
Restudied 0.56 (0.031) 0.63 (0.031) 0.61(0.029)
4  Tested-same 0.70 (0.029) 0.69 (0.033) 0.75 (0.030)
Tested-different0.56 (0.039) 0.59 (0.037) 0.53 (0.037)
Restudied 0.57 (0.026) 0.62 (0.025) 0.63 (0.026)
Retrieva-verification-scoring
5 Tested-same 0.84 (0.029) 0.85 (0.027) 0.83 (0.028)
Tested-different0.72 (0.038) 0.77 (0.038) 0.79 (0.039)
Restudied 0.56 (0.036) 0.65 (0.033) 0.70 (0.033)
6  Tested-same 0.66 (0.037) 0.72(0.041) 0.71(0.037)
Tested-different0.64 (0.049) 0.66 (0.044) 0.71 (0.040)
Restudied 0.58 (0.036) 0.62(0.031) 0.65 (0.038)

Note:Exp. = Experiment.
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Table 4.4.Criterial test analysis of variance (ANOVA) results

Exp. ANOVAtype  Factor df F MSE p e’

Term retrieval
1 Tested-same vs Not Tested
Main effect of Tested-

same vs. Not Tested 1,56 34.14 1.55 <.0001***380
Main effect of Block 2,112 9.096 0.29 .00022*** 0.14
Interaction 2,112 0.60 0.015 .55 0.011

Tested-different vs. Restudied
Main effect of Tested-

different vs. Restudied 1,56 2.43 0.04 13 D.04
Main effect of Block 2,11216.23 0.26 <.0001*** 0.22
Interaction 2,112 0.89 0.018 .46 0.019

2 Tested-same vs Not Tested
Main effect of Tested-

same vs. Not Tested 1,42 504 1.26 <.0001*** 50.5
Main effect of Block 2,84 3.11 0.078 .050 (32]0]
Interaction 2,84 2.37 0.056 .099 0.053

Tested-different vs. Restudied
Main effect of Tested-

different vs. Restudied 1,42 0.88 0.013 .35 20.0
Main effect of Block 2,84 7.0440.13 .0015** 0.14
Interaction 2,84 083 0.010 A4 0.019

Higher order questions
3 Tested-same vs Not Tested
Main effect of Tested-

same vs. Not Tested 1,43 14.17 0.40 0.25
Main effect of Block 2,86 5.78 0.11 .0044**0.12
Interaction 2,86 2.0460.35 14 0.045

Tested-different vs. Restudied
Main effect of Tested-
different vs. Restudied 1,43 3.14 0.095 .083 068.
Main effect of Block 2,86 548 0.14 .0058**0.11
Interaction 2,86 1.21 0.031 .30 0.027
4 Tested-same vs Not Tested
Main effect of Tested-
same vs. Not Tested 1,43 46.79 1.45 <.0001***0.52
Main effect of Block 2,86 1.15 0.029 .32 260
Interaction 2,86 277 0.051 .068 0.061
Tested-different vs. Restudied
Main effect of Tested-
different vs. Restudied 1,43 9.21 0.13 .0041*6%18
Main effect of Block 2,86 142 0.041 .25 30
Interaction 2,86 1.76 0.054 .18 0.040

(table continueks
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Table 4.4.Criterial test analysis of variance (ANOVA) resuitentinued).

Exp. ANOVAtype  Factor df F MSE p e’

Retrieval-verification-scoring
5 Tested-same vs Not Tested
Main effect of Tested-

same vs. Not Tested 1,44 80.00 1.7%.0001*** 0.65
Main effect of Block 2,88 5,95 0.14 .0038** .1Q
Interaction 2,88 6.13 0.11 .0032*  0.12

Tested-different vs. Restudied
Main effect of Tested-
different vs. Restudied 1,44 20.77 1.0200001*** 0.32
Main effect of Block 2,88 855 0.25 .00040*0.13
Interaction 2,88 1.0850.024 .34 0.024
6 Tested-same vs Not Tested
Main effect of Tested-

same vs. Not Tested 1,39 8.40 0.22 .0061**  0.18
Main effect of Block 2,78 4.0290.11 .022* 0.094
Interaction 2,78 0.60 0.015 .55 0.015

Tested-different vs. Restudied
Main effect of Tested-
different vs. Restudied 1,39 754 0.19 .0091** 160
Main effect of Block 2,78 3.18 0.089 .047* 005
Interaction 2,78 0.0780.0022 .93 0.002(

Note: Exp. = Experiment.
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Appendix 4A

List of Process-Based Biology Concepts

Concept no. Concept name Example essential terms

1 Active transport antiporter, hydrogen, sodium

2 Audioception cochlea, hair, pinna

3 Baleen filtration filter, plankton, whale

4 Blood flow capillaries, oxygen, vein

5 Endosymbiotic theory endosymbiosis, mitochondratist
6 Enzyme catalysis enzyme, product, substrate

7 Exocytosis plasma, vesicle, waste

8 Gastrulation embryo, gastrula, germ

9 Hormonal signaling hypothalamus, pituitary, signa
10 Immune response clone, infection, lymphocyte
11 Membrane formation bilayer, phospholipid, tails

12 Movement initiation CNS, effector, receptor

13 Muscle contraction actin, discs, myosin

14 Neuronal signaling axon, dendrite, soma

15 Opthalmoception bipolar, ganglion, light

16 Paracrine signaling cell, paracrine, target

17 Passive transport concentration, diffuse, dayitim
18 Photosynthesis chloroplast, light, thylakoid

19 Phylogenetic representation ancestor, branae no

20 Protein synthesis RNA, transcription, transkatio
21 Reflex arc interneuron, motor, sensory

22 Sexual reproduction gametes, meiosis, organism
23 Upwelling coastline, current, wind

24 Viral reproduction generation, host, virus

25 Allopatric speciation evolution, isolation, sfeec

26 Cellular respiration ATP, phosphate, sugar

27 Condensation reaction condensation, covaledtolxyl
28 Crossing over chiasma, chromatid, genetic
29 Dehydration reaction bond, dehydration, monomer
30 Gene flow allele, flow, population

31 Hydrolysis hydrolysis, polymer, water

32 Lipid digestion bile, fat, lipase

33 Membrane potential electrochemical, ion, membran
34 Metabolism bacteria, carbohydrate, pyruvate
35 Mitosis centromere, chromosome, mitosis
36 Plasmogamy fertilization, fungi, plasmogamy

Note.For Experiments 1, 3, and 4, concept numbers 2&€3€ also used. As described in the text, some
concept names and terms were modified (i.e., regladth synonyms) where necessary for certain guest

types. No. = number.
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Appendix 4B

Training Phase Question Subtypes and Feedback Beamp

Exg Question typeExample Feedback
Term retrieve
1 Fill-in-the- The hypothalamus releases pituitary
blank hormones which then affect the
and the signals it
sends.
2 Fill-in-the- The hypothalamus releases Correct answer: pituitary
blank hormones which then affect the The hypothalamus releases hormor
and the signals it those hormones affect the pituitary
sends. and the signals that it sends.

Process: hypothalamus — hormones —
pituitary — signals
Higher order questions
3, 4 Process step Hormonal signaling involves two  First, the hypothalamus releases
main steps. What occurs in the ~ hormones. Second, those hormones

first step? Answer completely affect the pituitary and the signals it
with all details. sends.

3 Order In hormonal signaling, what is First, the hypothalamus releases
involved first? The hormones. Second, those hormones
hypothalamus or the pituitary? affect the pituitary and the signals it

sends.

4 Inference What serves as the ultimate First, the hypothalamus releases
“control center” that is in hormones. Second, those hormones
charge of the entire process? affect the pituitary and the signals it

sends.
Retrieva-verification-
scoring
5, 6 Difficultfill-  The process of hormonal Did your answer include these exact
in-the-blank regulation involves: words (yes or no)?
The hypothalamus Hypothalamus? Pituitary? Signals?
How many out of those three did you
include?

Concept: the hypothalamus releases
hormones which then affect the
pituitary and the signals it sends.

Note: Exp. = Experiment.
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Appendix 4C
Example Concept Paragraph Used During Initial Stadgxperiment 2

Protein synthesis is the process by which a celemgrotein. It involves DNA, a molecule that
contains genetic information, and RNA, a modifiession of DNA. The process is as follows: first,
DNA is copied to RNA via transcription. Second, RiNéoded into protein via translation. The
process therefore involves two steps: transcriptiod then translationThe order of the

components is: DNA to RNA to protein
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Endnotes
1. Whole concept feedback arguably could be descialseaplanatory feedbaadliven
that it includes an explanation of the entire pssebased concept.
2. In McDaniel, Anderson et al. (2007), cued recal anultiple-choice quiz formats
were used across different weeks, with assignmiamtaterials to each quiz

counterbalanced. We focused on the cued recalltsdsere as they are most relevant.
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GENERAL DISCUSSION

This dissertation research investigated retrievatfice and transfer to rearranged
stimulus-response elements. Its constituent ssuelieompassed a wide variety of
stimulus materials, subject domains, implementatiofrretrieval practice, feedback types,
and criterial test questions. Throughout thosdie) which included 953 unique subjects
across 18 experiments, a consistent theme emawgedval practice commonly yields
highly specificlearning That is, (a) retrieval practice typically yieldsbust learning
benefits relative to restudy when the correct amssviglentical on both practice and
criterial tests (i.e., the non-transfer questionali experiments), replicating the
“conventional” retrieval practice effect or testiaffect; but (b) any enhancement is usually
minimal or absent when the correct answer on therial test is different from that which
was retrieved, or supposed to be retrieved, duraiging (i.e., questions involving
rearranged stimulus-response elements). In otbedsyretrieval practice commonly
yields “potent, but piecewise, learningChapter 2) It should be noted, however, that the
present results do not rule out the occurrencaeptr@nsfer entirely, but rather suggest
that any transfer that did occur was not markedbatgr than performance in the restudy
condition (for prior discussion see Chapter The most substantial exception to the
overall pattern of results was observed in thel fwa experiments of Chapter 4, in which
(c) retrieval practice coupled with extensive padtieval study-like activities substantially
improved transfer. Finally, results from the legperiment in each of Chapters 1 and 2
suggest that (d) the benefits of retrieval praaticenot diminish when all or most stimulus-

response combinations are trained.
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Summary and Comparison of Study Results

In Chapter 1, retrieval practice tniple associateswhich took the form of cued
recall of single missing terms followed by corranswer feedback, yielded specific and
nontransferable learning regardless of whetherooeo terms were retrieved during
training. In Chapter 2, retrieval practice momlti-term factdrawn from AP History and
AP Biology courses, which took the form of fill-the-blank or multiple-choice questions
targeting single key terms followed by brief cotranswer feedback, again yielded
specific learning regardless of whether a key tewams retrieved once or twice during
training, and whether one or two key terms wergaetd during training. In Chapter 3,
retrieval practice oterm-definitionneuroscience facts, which took the form of mudtipl
choice questions targeting a key term or its di&dinj yielded the same general pattern
regardless of whether retrieval occurred one aethimes per fact during training.
Finally, in Chapter 4, retrieval practice process-basedonceptsirawn from
university-level biology courses, which incorpoht®ncept diagrams and glossaries of
key term definitions, plus featured training methoanging from single key term recall to
inference questions coupled with various formseefdback, generally yielded specific
learning. An exception to that pattern involvettieval-verification-scoringrials, a new
practice testing and feedback processing methdduv&simplemented in the final two
experiments of that study.

The fact that highly consistent patterns were otesbacross all four studies is all
the more striking given the various differencesasetn them. This includes the

underlying associative structure of the materieflsRoss & Bower, 1980). For example,
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it is likely that learning a word triplet (whichebretically can be broken down ifdo— B
< C < Aassociations) yields a different memory structbenta term-definition fact
(which would appear to have &y B associative structure but may actually involve
multiple associations from a given key term to¢haments of its definition, plus
associations between elements of the definitionfudher discussion see Chapter 3). It
also includes the semantic relatedness and ricluid¢be materials, which ranged from
simple word triplets to highly interconnected, cdexp and process-based biology
concepts. The studies also varied in the typestakval practice that were used, ranging
from cued recall of single terms (all experiment€hapters 1 and 2, plus several in
Chapter 4) to multiple-choice questions (Chaptdtxperiment 3; all experiments in
Chapter 3) and finally inference questions (ChagjerThis is particularly noteworthy
given prior meta-analytic and experimental evideoicdne moderating effects of test
format on retrieval practice effects (e.g., Kang;Dédrmott, & Roediger, 2007; McDaniel,
Anderson, Derbish, & Morrisette, 2007; Rowland, 20%s well as prior theorizing on the
contrasting benefits of different types of practiest and quiz questions for learning and
transfer (e.g., Jensen, McDaniel, Woodard, & Kumréi4; Karpicke & Aue, 2015).
Finally, it includes 24 hr (Chapter 2), 48 hr (Cteap 2-4), and one-week retention
intervals (Chapter 1).

All studies save Chapter 3 involved a three-bladfeal test design, and in nearly
each case the pattern of results, as evident uigaalunspection, was very similar:
conventional retrieval practice effects and minitnahsfer (cf. Chapter 4, Experiments

5-6). Only in two experiments in Chapter 3 dicearieval practice effect fail to manifest
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for the case of definition-response questionstloattwas remedied in a subsequent
experiment using additional training and a chamgeriterial test format. Thus, the lack of
transfer throughout nearly all of this dissertatiesearch cannot be attributed to a failure
to obtain a retrieval practice benefit, but ratther specificity of that benefit to tested
stimulus-response combinations only.

Overall, given the consistency of the observedliegrpatterns across nearly the
entire set of studies, it follows that the spec#i often nontransferable nature of learning
through retrieval practice (for materials that wpresented but not retrieved during initial
study and training) is likely a general propertyetrieval practice itself.

Major Theoretical and Practical Implications

Of the many different candidate theories of retilguwactice effects, the present
results readily align with a central assumptiomhef quantitativelual memoryheory
(Rickard & Pan, 2017), which is that the act ofiestal via cued recall generatesew
and separate memonf the test event (i.e., comprised of the testshiis and its correct
answer) that is distinct from the memory that wasnied during initial study (i.e., during
which an intact stimulus was studied without sefgagaiestion and answer elements).
According to that theory, it is the secaiedt memoryin addition to the originadtudy
memory that is the basis of the retrieval practice dffee., items which are tested are
represented by two memories, whereas items thakatedied are only represented by a
single study memory). When applied to the presesults, the following scenario is
plausible: (a) when the criterial test does noblag transfer (i.e., same test stimulus and

correct answer as during training), both test andysmemory can contribute to
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responding, but (b) when the criterial test invelW@ansfer to rearranged stimulus-response
elements, test memory cannot or only weakly coates; thus, there is no enhancement
(for related discussion involving the identicalraknts model, see Rickard, 2005; Rickard
& Bajic, 2006; Rickard, Healy, & Bourne, 1994). het theories of retrieval practice

effects might also be adapted to account for tleegnt results (as discussed in Chapter 1),
but the dual memory theory incorporates the mastctly relevant mechanism to date.
Beyond the retrieval practice literature, the pnésesults are also generally consistent
with the assumptions of learning specificity prog@ by Thorndike (1906), Tulving

(1984), among others.

From the perspective of the broader retrievatfoira and transfer literature, the
present results are broadly, but not entirely, aocoodated by théhree-factor framework
proposed by Pan and Rickard (2018) in their metdyars of that literature. In that
framework, the extent of transfer resulting frortriesal practice is moderated by (a) the
level ofinitial test performancg(b) whether there isesponse congruendetween the
practice and criterial tests, and (c) whetblaborated retrieval practicevas used or not.
Regarding (a), the level of initial test performamight moderate transfer to rearranged
stimulus-response elements, at least in the sbasé@igh practice test performance
indicates greater learning of target materials gnecter potential for recall of non-trained
responses. However, Pan and Rickard’'s meta-asaliginot find significant effects for
that moderator at the category level, possiblytduasufficient data. Regarding (b), by
definition there is minimal response congruemcgny study of rearranged stimulus-

response elements, which is copacetic with tharfqadf no transfer in nearly all cases in
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that category. The finding of positive transfer paired associates (e.g., Carpenter,
Pashler, & Vul, 2006; Rickard & Pan, 2018) is théesxception. Regarding (c), few
studies in this category have used elaboratecvetrpractice, but there are some
indications that those methods can indeed yielstea of this type (e.g., McDaniel, Bugg,
Liu & Brick, 2015, which involved training usingrte-retrieval and application questions;
McDaniel et al., 2007, which involved repeatedlgwed feedback; and Experiments 5-6
of Chapter 4 in this dissertation, in which retagverification-scoring trials were used).

From the practical standpoint, the results ofall studies in this dissertation
provide insights into effective uses of retrievedgiice in classroom and other training
contexts. Specifically, a general rule is thattdrget of practice testing (i.e., the correct
answer) derives the most benefit from the technigieus, if the objective is to extend the
benefits of retrieval to a greater proportion ebelearned materials, then multiple
stimulus-response combinations ideally should laetpred. Alternatively, specialized
feedback processing methods such as the retrievdieation-scoring method introduced
in Chapter 4 may combine the “best of both worldgh regards to retrieval practice and
subsequent learning from answer feedback.
Directions for Future Research

Followup work to this dissertation includes an athg-completed retrieval practice
study, Rickard and Pan (2018), in which the basmicbntrasting transfer results between
paired associates and triple associates was exlpldieat work contributes a further
developed theory of the conditions under whichdfanto rearranged stimulus-response

items does and does not occur. Additionally, amottompleted study involving the
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pretesting paradigm, which is analogous to theenedf practice paradigm except that there
is no initial study phase and hence practice tesbpnance is low (e.g., Kornell, Hays, &
Bjork, 2009; Richland, Kornell, & Kao, 2009), amdwhich transfer was repeatedly
observed for the case of triple associate wordusijradds further insights into the learning
patterns involved with rearranged stimulus-respatsments (Pan, Lovelett, Stoeckenius,
& Rickard, 2018).

Building on the findings for the retrieval-verifiton-scoring method introduced in
Chapter 4, future research may uncover other fafeéaborated retrieval practice that can
also overcome the learning specificity barrier.daidnally, future work may investigate
transfer to rearranged stimulus-response elememwre naturalistic (e.g., classroom)
settings. These efforts stand to further the @terobjective of helping to refine uses of

retrieval practice for the enhancement of learnetyication, and training.
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