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Testing within the science classroom is commonly used for both formative and summative assess-
ment purposes to let the student and the instructor gauge progress toward learning goals. Research
within cognitive science suggests, however, that testing can also be a learning event. We present
summaries of studies that suggest that repeated retrieval can enhance long-term learning in a lab-
oratory setting; various testing formats can promote learning; feedback enhances the benefits of
testing; testing can potentiate further study; and benefits of testing are not limited to rote memory.
Most of these studies were performed in a laboratory environment, so we also present summaries of
experiments suggesting that the benefits of testing can extend to the classroom. Finally, we suggest
opportunities that these observations raise for the classroom and for further research.

Almost all science classes incorporate testing. Tests are most
commonly used as summative assessment tools meant to
gauge whether students have achieved the learning objec-
tives of the course. They are sometimes also used as forma-
tive assessment tools—often in the form of low-stakes week-
ly or daily quizzes—to give students and faculty members
a sense of students’ progression toward those learning ob-
jectives. Occasionally, tests are also used as diagnostic tools,
to determine students’ preexisting conceptions or skills
relevant to an upcoming subject. Rarely, however, do we
think of tests as learning tools. We may acknowledge that
testing promotes student learning, but we often attribute
this effect to the studying students do to prepare for the test.
And yet, one of the most consistent findings in cognitive
psychology is that testing leads to increased retention
more than studying alone does (Roediger and Butler, 2011;
Roediger and Pyc, 2012). This effect can be enhanced when
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students receive feedback for failed tests and can be ob-
served for both short-term and long-term retention. There is
some evidence that testing not only improves student mem-
ory of the tested information but also ability to remember
related information. Finally, testing appears to potentiate
further study, allowing students to gain more from study
periods that follow a test. Given the potential power of test-
ing as a tool to promote learning, we should consider how
to incorporate tests into our courses not only to gauge stu-
dents’ learning, but also to promote that learning (Klionsky,
2008).

We provide six observations about the effects of testing from
the cognitive psychology literature, summarizing key studies
that led to these conclusions (see Table 1). For the purposes of
this essay, we have chosen to report studies performed with
undergraduates learning educationally relevant materials
(e.g., text passages as opposed to word pairs). We also suggest
some ways these key observations can be incorporated into
classroom practice to benefit students’ learning, and we note
related research questions that could extend our understand-
ing of testing effects in the undergraduate biology classroom.

WHAT DO WE KNOW ABOUT THE EFFECTS
OF TESTING?

Repeated Retrieval Enhances Long-Term Retention
in a Laboratory Setting

The idea that active retrieval of information from memory
improves memory is not a new one: William James proposed

14:es4, 1



C.J. Brame and R. Biel

(panuijuoD)

sa[eduy SO “eruIOIED)
jo Ayis10ATU() ‘sayenperdiapun

rood
,s109lqns A3o1oyoAsd Lyismeatun
uojurysep) ‘seyenperdiopun

*2A0qe 929G

sy

pe

*2A0qe 929G

‘Ae[op U-gF & pue Urw-g e 1a)je
104 ‘eonoeld [eAstjal ayy ur pa
-PNOUT JOU UOLRULIOJUT JOJ SUOT}
-sanb [[esa1-pand ueyy axouw [[edax
paaoxdur suonsanb aoroyp-ard
-I)[NW “IOAMOF] “[OIIU0D
1$93-0U 9y} U3m paredwod [[edar
paaoxdur suonsanb aotoyp-o1d

[N PUe [[ed3I-Pand Ylog
‘Tepyauaq arouw AJYSIS o1om
suonsanb 1emsue-j10ys “papraoxd
SeM DBqPad] UM “Juedrugdisur
sem suonsanb aoroyp-sidnmnw
PUE JoMSUE-}I0YS U92MId] UOT}
-U9)aI ULIS)-ZUOT UI 9DUSISJIIP

AU} “USAIS SeM DBPIJ OU UM

"dA0qe 993G

;oonoerd [eastnar

Ur papn[our Jou UOT}eULIOJUT

paje[a1 pue pajsa) Ajsnoraaxd

UOTJRULIOJUT JO UOTJUS}I UO dALY|
jewrioy uonsanb sa0p 100559 UM

¢suonsanb jo sad4) yuazegrp 103

UOTJUD}OI U0 J09JJ9 U dARY Yoeq
-3 $30(] $UOTJU}I UO ALY
2onoed [RASLIIRI 10§ PIsN UOT

-sanb jo ad £y oy saop 109550 yeyM

"dA0qe 993G

(T10T “H0lg pue omry) ,sHudAd
Gururesy se s3se3 d10Y-a[dn N
Gursn jo syyouaq Sumnsisiad ayJ,

(£00C “1v 32

Suey]) ,, uonusjar wire}-3uoy uo

3umnsay Jo 309533 Ay AJTpour ydeq
-P99J AT}OIIIOD PUR JRULIOJ ISIL,,

(¥10c

‘aprdrey] pue yynws) ,s1s9 pq

-Ay pue “eoroyp-ardnmu ‘1oms
-ue-310ys YHm aonoeid [eAdLnay],

Sururea] sdueyuUL Ued sjeurroy Sursa) snorrep

sajenperdiopun

Ayiszaatun)
anpin  ‘sayenperdiopun

Aynszoatup) uojSurysep
$7-81 soSe sajenperdropun

AM T

M T g yuswrradxy
M T ‘p 7 T Judurrradxy

“[00}

SBurureay e se Surddewr 3deouod

JATJRIOQE[O PIsn OYM IS0} M

paredwod Surures] ySurueaw

ur sured 1e3ea1d pey uonIpuod
aonoead-[eAdLI}al 9} UT SJUSPMIG

*JeULIO) I9MSUER-1I0YS
e pey 3s9) [euly ay) uaym a3e}
-ueApe ue papraoid suonsenb
pLiqAy] -eouaiayur parmbar jeyy
asoy) pue [[edar AJuo parmbazx
yey) suonsanb yjoq 10§ paarasqo
SeM 109JJ9 AL "TOIIUO0D [eALT)
-a1-ou e yjm paredwod usym
1) M T Ude) 1S9} pake[op
‘Teury e uo aduewIojrad Sjuapnys
paaoxdwr syeurioy priqAy
pue ‘asuodsar-aa1y ‘ed10-31d

-pnu ym aonoerd [eastnoy

*Js9) o[ 3urs

e uey} jijouaq 193eard papraoid

359} a[dnnIA 's1S9) pakeop ur

Apnysar ueyy arowr AjjuedyIu
-81s uonyuajar pasordwr Sunsar,

¢dew 3doouod

e Sursn £pnys aaneIoqes o}

aanear 3ururead] uo sdnoerd
[BASLIJDI JO 102533 3} SI JeYM

Juonjua}ax
ura)-3uor uo aaey dnderd
[eaarnar ur pajuasaid uongsenb
J0 2d A} 9y S20P 309553 FeYM
(159} 9[3UTs e ueyy) J00559
193e218 © 2onpoid sys9) apdynuua
o (Apnysa1 Jo Jyauaq Ay} ueyy
192013 Sunysa) Jo J1youaq Ay} S|
{SUOTJIPUOD JURA[AI AJ[eUoned
-NPa Ul PaAIaSqo 309jj0 Surysay e S|

(rT0T ‘ung pue aprdrey)
,Surddew 3dsouod yyim Sur

-Apnys aanyeIoqe(D Jey) Sutures]
210w seonpoid aonoerd [eastnay],,

(F10C

‘oprdrey] pue ynws) 159 prq

-AY pue ‘ooroyd-ardnnur roms
-ue-310ys ypm aonoeid [easLay],

(2900 ‘prdrexy

pue 1981pa0y]) , UoIua}aI ULId}

-8uor seroxduur s3s93 Arowawr
Suryey :3urures] padueyua-1sar,,

Sunas A10je10qE] © UT UONUSJAI ULIS}-SUO] SdDUBYUD [EAILI}AI pajeaday

syuedonred Apnig

3s9) reuy a1059q AePp jo \pSua]

uorsSnPUOD)

(s)uonysanb yoreasay

Apmg

S109JJ0 SuruIea] paour|UL-}sa) Jureaur[ep satpnys Aoy ‘I d[qe],

CBE—Life Sciences Education

14:es4, 2



Test-Enhanced Learning

14:es4, 3

(ponuzjuoD)

Ayis1aatun
u0j3UIYSeAA ‘SIUapNIs

“Iojsuen}

paxmbaz jeyy suonsanb renue
-19§ur pue [redar renydeduod
10 [enyoey paxmbar jeyy suony
-sanb 3503 y3noayy 1oyjoue

0} UTRWOP dUO WOIj UOTeur
-IOJUT JO I9JSUBI} PISLIIOUT

JI™yioue
0} urewop auo woiy sydeduod
pue s3oe] Jo 19ysuer) ajowoxd

(o102
‘apng) ,SurApnys pajyeadar 0y
dATje[aI SUTUIRI] JO I9JSULI) IOLI

A3oroyoAsd ayenperdropun M T pue uorjuajar pasoxdwr Sunsay Bururea] paoueus-3s9) S90(] -adns seonpoxd Sunsay payeaday,
(F10C
‘oprdrey] pue yws) 81893 priq
-Ay pue “eoroyp-ardnnu ‘1oms
9A0qE 995 9A0qE 995 9A0qE 395 9A0qE 395 -Ue-110Ys Y3Im ad10eId [eAdLYy],
S3[Se) [[edax
Apmys sy 10y Anus  apduurs se [am se (dewr 3deouod e
1911183 Os[e 993G "uonponpord dewr  Gurppmq ~9°T) sanIAnOR AR TUS0D
3deouod parmbai yey s3sa) Teury I9pIro-12ydny wrorad 03 Aiqe
pue s1omsue J10ys parmbar jeyy syuapnys aaoxduur sonoerd
§3S9} [eUl UO Yjoq aduewroyrad [eaarnar sao(] ¢dew 3daouod (1107 “unig pue axord
syuapnys pasoxdur sonoerd [e e Sursn Apnys aaneIoqed 03 -1ey]) , Surddewr j3dsouod yim
-aarna1 “Surddews 3deouod Sursn aAnyerar Surures] uo sonoerd Apnys aaneroqes uey) Jurures]
sajenperdropun M T Apnys aaneroqerd yyim paredwo)) [EASLI)OI JO JO9JJ9 9} STjeypy 10w sadnpoid aonoerd [eadrnay,
A1owaur 9301 0) pajrw| Jou st Jururea|
Peqpa9;)
£q pajyouRq JSOW dI9M SIIMSUR (SI0119 ATOWwaw (800Z “v 32 1ONG)
bmmﬁm\wMCD QDUIPHUOI-MO[ INq \Momﬂﬁwww Se [[oM Sk SIOLID ®>E¢H.WOUNHWE :wwwGOQwMH OUSPIJUOD-MO] JO
uoj3urysep) ‘syuapnis £q pajyounq 21oM S1omsue 3109110 31 ue) ;2onoeld [eAdLIaI UOT)U]AT SISLAIOUT YOBqPas)
A3oroypAsd ayenperdropun uru g J09II0DUI U J0LI0D A[[eHIUT Y)og ur Kefd speqpPad) SO0P A[OIJBYM 110110 Anugooejow e SundaLIoy),
159}
[BT}IUL 9} 19}j€ M | PALINdd0
1S9} TeUTy YL “OeqPIIJ OU YJIMm
paredwod sjyauaq pamoys yjoq
ySnoyy yoeqpasy ajerpauwruur
uey) soueurroyiad [euy 193399 (800T ‘1981pa0y pue 1a[INg)
Ayiszaatun Ul paj[nsal yoeqpasy pakep(q JUOTJRULIOJUT JO UOT}U}9I ULIS} ,,3unsay adroyd-adnmu jo
uoj3urysep) ‘syuapnys '}$9) [[€D9I-PAND [eUj B UO -3uoy uo aaey s3say ad10y2-91dn S)09J39 2ARE3aU A} SEONPAI pue
A3otoyoAsd syenperdiopun M T UOT{UR)aI paAoIdW Yoeqpas]  -[NUI UO Oeqpas) SI0P 1099 JeUM  S1O95 2aT1sod sadueyua Noeqpasy,,

Sunsay Jo sjyauaq SDULYUD IeqPad]

syuedonred Apmg

3$9] Teuy a1039q Aeap Jo \ISua] uoISnPUOD)

(s)uonsanb yoreasay

Apmig

panunuo) T [qeL

Vol. 14, Summer 2015




C.J. Brame and R. Biel

(panuuo))

9SIN0d

IOTARUD( pUe UTRIq Paseq-dap
UT PI[OIUD Sajenperdapun

I[IASMOT JO AJISIDATUN

‘A3o10yoAs J 0] sonsnelg jo

S1eaA SATINDISUOD OM] JO TSI
Ul paf[oIuD sayenpeIdopun)

Ayis1oatun) uojurysep) ‘swerd
-oxd sunrpap AousSrowyg
pUe SOLIJRIPS] WIOL SJUSPISY

sryduey

jo Ayiszaatup) ‘“A3ooydAsJ A1

-0JoNPONUT JO ULIS} IOUIWNG
Ul paf[oIuD sayenpeIdapun

Mgl

AMge~

ow 9

JI9)Sawias au()

“[edTJUSPT J0U JNq PIje[ax

a19M jey) asoyy pue sazzmb

Ap[oom ayj uo soy) 0} [edrudPI

suonsanb 10§ wrexa feury ayj uo

$9100s pasoxdur pue uoruajaI

paaoxdwr suonysenb zmb roms
-ue-}10ys pue adroyd-ardnmu yjog

“19)SoWIdS

ay) noy3nory) A[uaaa paseds

SWIEX? 9ATIR[NUWINDOUOU INOJ

Kq passasse ‘s21n)09[ [eUOn}

-IpeI} Y3m jysne) syuapnys

ey} $9100S surexa 1ayS1y

pey poyiow WHNTNNd 24

Gursn syuapnys “0simod £30
-[oyo4sd arenperdiapun ue uy

“I9)e] OW 9 59}
[[e231 eur e 10y Apnys pajeadar
UeL) 2I0W UOUS}aL paAorduur
Speqpaay yim Junsay pajeadar
‘SJURPISAI [LIIPIW YJIM Apnis e uf
'$159) JIun
300} AJUO OYMm SjuIpN)S UeLf)
saperd aderaae YN pey pue
9SIN0D Y} JO PUD A} Je 353} UoT
-uaja1 & uo 1oYS1y Pa1ods ssepd
A3oroyoLsd syenpeidropun ue

({9SINO0D SDUSIDSOINSU d)enperd
-I9PUN SUI[UO Uk UT UOT)eULIOJUT
JO UOTJUDJdI UO dALY SIDINOSAX

(T10C

“1v 32 PTURCPIN) ,,ApNIs [euawx
-11odxa ue :ssep paseq-gom e
ur OUEGEHOMHOQ JUSWISSOSSe-9A1}

3unsa) SUTUO Op S}0RH2 JeUM  -euruns adueyud 0} sazzmb Sursn),

£S91008
WEXd ISINOD U0 dABY POyIauwr

INTIINTI N 243 Sursn aonoerd
[[e231 A[1ep S30p 10932 JeyM

JUSWILOITAUD Surures]
[©9I B UT UOT)U}aI WLId}-3Uo]
anoxdur Sunsay pajeadar seoq

£ 19)SoWas
A} JO PUD U} Je UOTJUSIDI U0

Ut wrexa A[rep e j00] OyM SJUapnig  dALL Wexa AJTep € saop 109559 1Ly

(110 ‘projme) pue
J[AT) ,, SWeXd SOTSTIL)S U0 dUBW

-10319d saaoxdwr sam3oaf jo pua
A} Je [BLIDJEW [RTUISSO SUTASLIIY,

(600¢

“Iv 39 UdsIET) ,JeLI) PI[[OIIUOD

pazrwopuer e :Apnjs pajeadar

0) 9ATIE[I UOTJU}aI ULId)-SUO]
sanoxdur Sunsa) pajeaday,,

(200z “Surwaa) ,sassed A30
-oyo4sd ur souewrograd soaoxd
w1 ampadoxd Aep-e-wrexs ayJ,,

wooIsse[ Y} 0 puajxa o} readde Gurysay yo sygauaq Ay L

Ayiszaatun
9)eIg JURY ‘seyenperdopun

soreduy S0 “eruroyie))
jo AjIs10ATU() ‘SayENpRISISPUN

Aefop oN

*}$9} WILIDJUT 9y} 19)j€ pue 210j3q
JySne) UoT)LULIOJUT 10 1S3) [eury

([erIoyewt
paurea] Ajyuanbasgns jo uorusy
-a1 aAoxdwr [erv)ew paures] A|

e uo [[edar saaoxdwr 3urysa) wireyu] -snoraaid I19A0 1S9} WILIJUT Ue S90(]

“UOT}RULIOJUT
parepar pue 3s93a1d ayy uo pa
-pNOUI SeM Jey} UOTJeWLIOfUT 10§
304 1S9} [euy e uo adueurioyrad
paaoxduur 3sa301d ao10yD-9[dn N v

{UOT}RULIOJUT
pajsajun K[snoraaid “pajerar 10y
0Os[e 10 uonewIojur pajsajard
10§ A[UO PIAIISO 109553 Ue S|
£1S9) 193€[ € U0 douruLIoyad
aaoxdur suorysanb aotoyp-ard
-nnuw ursn 3unsajaird seo(]

(110T “1v 12 ueWSSIM)

JerIerewr mau jo Surures] oy

9)ejI[IORy Ued [errajew Jorrd
Bunsay 1100330 193 WILIAUT AT,

(T10¢ “H0lg pue o)
,Surures| sayeyroey suoysenb
doroyo-ardnnur yypim Sunsazai,,

Apnjys 1ay3ang sajenuajod Sunsay,

syuedonred Apnig

159 Teuny a10Jaq Aeap Jo yydua]

SHNSSY

(s)uonsanb yoreasay

Apmg

panunuo) ‘I A[qer,

CBE—Life Sciences Education

14:es4, 4



Table 1. Continued

Vol.

Study participants
enrolled in an introductory

Community college students
biology course for majors

Length of delay before final test
One semester

\ 'g,
E B E
CY .0
UQN)HU
23%¢2
—cj:‘)w':
g Tg=
(20 =] v »n
Z|2E%¢
17} gx_g@
Q ,_‘GIJ_..’O
Mo dbe 2

=5 5 3Ty

Y N0 o
2oL 0o
o — 0 g
#@zq)
oS 0 =
SRS
TEE &
D
33}
£ 53
€ _£%
¥ g8g3

AEEERS
EAERER
clvg.ES
S|g=E2
FAEEEES
=] o —
T|g353
< | 2o B
Slozh &
S|lse2H
g|lo<y—
AErEE
—~ N5
“188E4

235853
< Q
c TaT

>
T

=
=
n

online quizzing in introducto-
ry (majors) biology” (Orr and

Foster, 2013)

“Increasing student success using

14, Summer 2015

of the quizzes were compared.
Students of all abilities who
completed all of the pre-exam

quizzes had higher average
exam scores than those who

pleted all of the quizzes or none
completed none.

introductory biology class

Undergraduate students in a

10 wk

retrieval-practice workshop
performed better on the exam

Students who participated in the

exercise done in a workshop
have on final exam questions

What effect does a self-testing

processing and self-testing helps
students learn” (Stanger-Hall

a workshop on information
etal., 2011)

“Teaching students how to study:

mance on the exam between the

activity. However, there was no
two groups.

difference in overall perfor-

questions related to the mate-
rial covered in the workshop

covering the same topic used in

the workshop?

Test-Enhanced Learning

this idea in 1890, and Edwina Abbott and Arthur Gates
provided support for this idea in the early part of the 20th
century (James, 1890; Abbott, 1909; Gates, 1917). During the
past decade, however, evidence of the benefits of testing has
mounted. We summarize here three studies illustrating this
effect in undergraduates learning educationally relevant ma-
terials in a laboratory setting.

Roediger and Karpicke (2006a) investigated the effects
of single versus multiple testing events on long-term reten-
tion using educationally relevant conditions. Their goal was
to determine whether any connection existed between the
number of times students were tested and the size of the test-
ing effect. The investigators worked with undergraduates
in a laboratory environment, asking them to read passages
~250 words long. The authors compared three conditions:
students who studied the passages four times for 5 min each
(SSSS group); students who studied the passages three times
and completed one recall test in which they were given a
blank sheet of paper and asked to recall as much of the pas-
sage as they could (SSST group); students who studied the
passages one time and then performed the recall practice
three times (STTT group) (see Figure 1). Student retention
was then tested either 5 min or 1 wk later using the same
type of recall test used for retrieval practice. Interestingly,
results differed significantly depending on when the final
test was performed. Students who took their final test very
soon after their study period (i.e., 5 min) benefited from re-
peated studying, with the SSSS group performing best, the
SSST group performing second best, and the STTT group
performing least well. This result suggests that studying is
more effective when the information being learned is only
needed for a short time. However, when long-term retention
is the goal, testing is more effective. The researchers found
that, when the final test was delayed by a week, the results
were reversed, with the STTT group performing ~5% higher
than the SSST group and ~21% higher than the SSSS group.
Testing had a greater impact on long-term retention than did
repeated study, and the participants who were repeatedly
tested had increased retention over those who were only
tested once. This supports testing as a learning tool, because,
in the laboratory setting, repeated testing facilitated long-
term retention more than repeated study.

Smith and Karpicke (2014) examined the effects of differ-
ent types of questions on student learning in a series of ex-
periments with undergraduate students in a laboratory envi-
ronment. By examining the effects of different question types
in a laboratory setting, the authors sought to conclude which
is most effective in facilitating learning. In one experiment,
five groups of students were compared. Students read four
texts, each ~500 words long. After each reading, four groups
of students then participated in different types of retrieval
practice, while the fifth group was the no-retrieval control
(see Figure 2). One week later, the students returned to the
lab for a short-answer test on each of the reading passages.
Confirming other studies, students who had participated in
some type of retrieval practice performed much better on the
final assessment, getting approximately twice as many ques-
tions correct as those who did not have any retrieval prac-
tice. This was true for both questions that were directly taken
from information in the texts and questions that required in-
ference from the text. Interestingly, there was no significant
difference in the benefits conferred by the different types of

14:es4,5
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Phase 1 Phase 2
Group 1 S;#%:: Dis;:itor Study Dis;;astl:(tor Study Dis;:itor Study Dis;:itor _
S minutes
Group 2 S;#%id Dis-lt’:ﬁtor Study Dis]t-;asitor Study Dis-lt’:ﬁtor Tt Dis-lt’:ﬁtor L or —> [N
1 week
Group 3 S;;;Eid Dis;:itor Test Dis;ascl:(tor Test Dis.lt—:Etor Test Dis.lt—:itor _J

Figure 1. Design of Roediger and Karpicke (2006a) experiment examining testing effect.

retrieval practice; multiple-choice, short-answer, and hybrid
questions following the reading were equally effective at en-
hancing the students’ learning. Other experiments in the se-
ries essentially replicated these results, although one experi-
ment did find a slight advantage for hybrid retrieval practice
(short answer plus multiple choice) in preparing students for
short-answer tests consisting of verbatim questions on short
reading passages. These results suggest that the benefits of
testing are not tied to a specific type of retrieval practice but
rather to retrieval practice in general.

Karpicke and Blunt sought to evaluate the impact of re-
trieval practice on students’ learning of undergraduate-level
science concepts, comparing the effects of retrieval prac-
tice to the elaborative study technique of concept mapping
(Karpicke and Blunt, 2011). In one experiment, students
studied a science text and were then divided into one of
four conditions: a study-once condition, in which they did
not interact further with the concepts in the text; a repeat-

ed-study condition, in which they studied the text four ad-
ditional times; an elaborative-study condition, in which they
studied the text one additional time, were trained in concept
mapping, and produced a concept map of the concepts in the
text; a retrieval-practice condition, in which they completed
a free-recall test, followed by an additional study period and
recall test. All students were asked to complete a self-assess-
ment predicting their recall within 1 wk; students in the re-
peated-study group predicted better recall than students in
any of the other groups. Students then returned a week later
for a short-answer test consisting of questions that could be
answered verbatim from the text and questions that required
inferences from the text. Students in the retrieval-practice
condition performed significantly better on both the verba-
tim questions and the inference questions than students in
any other group. The authors then asked whether these re-
sults would be observed when different types of texts were
used (e.g., those with enumeration structures and those with

Group 1: Eight
multiple choice
questions

Group 2: Eight short
answer questions

Retrieval
Practice

Group 3: Hybrid-
massed condition:
eight short answer

questions, each
followed by a MC

questions

Read Text

Group 4: Hybrid-
spaced condition:
eight short answer
questions, then eight
MC questions

No Retrieval
> Practice

Group 5: No retrieval/
— control

Delayed
Short Answer
Test

Figure 2. Design of Smith and Karpicke (2014)
experiment examining effect of question for-
mat on testing effect.
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sequence structures); whether the results would differ for
specific students; and whether the advantage of retrieval
practice would persist if the final test consisted of a con-
cept-mapping exercise. The authors observed that retrieval
practice produced better performance than did elaborative
study using concept mapping for both types of texts (enu-
meration texts and sequence texts) and on both types of final
tests (short answer and concept mapping). When they exam-
ined the effects on individual learners, they found that 84%
(101/120) students performed better on the final tests when
they used retrieval practice as a study strategy rather than
concept mapping.

Thus, these studies provide evidence that testing can pro-
mote learning of educationally relevant materials in labo-
ratory environments. In these examples alone, multiple as-
pects of the effectiveness for testing as a learning tool were
explored. The laboratory environment allowed researchers
to determine which method of testing, whether it be type of
question or type of information, facilitate the best learning
and the most long-term retention. This setting also was used
to compare the testing effects seen with other commonly
used learning tools, that is, repeated study and concept
maps. These summaries provide only an introduction to
the rich literature on the testing effect; several recent review
articles provide a thorough overview of the work in this area
(Roediger and Karpicke, 2006b; Roediger and Butler, 2011;
Roediger et al., 2011).

Various Testing Formats Can Enhance Learning

As the study by Smith and Karpicke suggests, multiple test-
ing formats can enhance learning. As noted earlier, they ob-
served that free-recall, multiple-choice, and hybrid testing
formats generally provided equivalent benefits, with greater
benefits observed for hybrid tests under specific conditions
(Smith and Karpicke, 2014). Like Smith and Karpicke, others
have studied different question types and their efficacy in
increasing short-term and long-term retention.

Kang, McDermott, and Roediger examined the effects of
multiple-choice questions and short-answer questions on
undergraduate students’ ability to recall information from
short articles after a 3-d delay (Kang et al., 2007). In the fi-
nal test, they used both short-answer and multiple-choice
questions. The authors observed that, when students an-
swered either short-answer or multiple-choice questions
after reading the article, they recalled more information on
the final test, whether the questions on the final test were
multiple choice or short answer. When feedback (i.e., the
correct answer to the question) was given on the postread-
ing test, short-answer questions provided slightly more
benefit than did multiple-choice questions. However, when
feedback was not provided, initial multiple-choice questions
provided the greater benefit. The authors speculate that the
greater retrieval demands of a short-answer question may
lead “to more thorough encoding of feedback” (Kang et al.,
2007, p. 547).

Little and Bjork (2012) examined the effects of multi-
ple-choice and cued-recall tests on recall of tested informa-
tion and untested, related information in undergraduates in
a laboratory setting. After reading three passages, each stu-
dent took a cued-recall test for one passage, a multiple-choice
test for a second passage, and no test for the third passage.
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The students then returned 48 h later for a cued-recall test
consisting of questions that targeted both previously tested
and related but previously untested information. Interest-
ingly, the authors observed that both the multiple-choice
and cued-recall tests improved recall over the no-test control
for tested information, but only the multiple-choice test im-
proved recall for information that was not included on initial
tests.

Together, these and other studies suggest that multiple
question formats can provide the benefit associated with test-
ing. It appears that the context may determine which ques-
tion type provides the greatest benefit, with free-recall ques-
tions, multiple-choice, hybrid free-recall/multiple-choice,
and cued-recall questions all providing significant benefit
over study alone. The most influential studies in the field
suggest that free recall provides greater benefit than other
question types (see Pyc et al., 2014), but the results described
here reveal an incompletely answered question.

Feedback Enhances the Benefits of Testing

Considerable work has been done to examine the role of
feedback on the testing effect. Butler and Roediger (2008)
designed an experiment in which undergraduates studied 12
historical passages and then took multiple-choice tests in a
lab setting. The students either received no feedback, imme-
diate feedback (i.e., following each question), or delayed
feedback (i.e., following completion of the 42-item test).
One week later, the students returned for a comprehensive
cued-recall test. While simply completing multiple-choice
questions after reading the passages did improve perfor-
mance on the final test, corresponding to other reports on
the testing effect, feedback provided an additional benefit.
Interestingly, delayed feedback resulted in better final per-
formance than did immediate feedback, although both con-
ditions showed benefit over no feedback.

In a follow-up study, Butler, Karpicke, and Roediger
demonstrated that feedback can provide a particular ben-
efit by strengthening student recall of correct but low-con-
fidence responses (Butler et al., 2008). Working with un-
dergraduates in a laboratory setting, they asked students
multiple-choice items about general knowledge (e.g., What
is the longest river in the world?), following each item with
a prompt to determine confidence in the answer (ie., 1 =
guess, 4 = high confidence). Students then received feed-
back for some of the multiple-choice items but no feed-
back for others. After a 5-min delay, students completed a
cued-recall test. While a testing effect was observed even in
the absence of feedback, feedback strongly improved final
performance, approximately doubling student performance
over testing without feedback. This result was true both for
questions students had answered correctly and questions
they had answered incorrectly on the initial multiple-choice
test, but was most pronounced for low-confidence correct
answers.

Thus, feedback on both low-confidence correct answers
and incorrect answers may further enhance the testing ef-
fect, allowing students to solidify their understanding of
concepts about which they are unclear. These results are con-
sistent with observations that student learning from in-class
concept questions is enhanced by instructor explanations
(Smith et al., 2011).

14:es4,7



C.J. Brame and R. Biel

Learning Is Not Limited to Rote Memory

One concern that instructors may have with regard to us-
ing testing as a teaching and learning strategy is that it may
promote rote memory. While most instructors recognize that
memory plays a role in allowing students to perform well
within their academic domain, they want their students to
be able to do more than simply remember and understand
facts, but instead to achieve higher cognitive outcomes
(Bloom, 1956). Some studies address this concern and report
results suggesting that testing provides benefits beyond im-
proving simple recall. For example, the studies by Karpicke
and Blunt (2011) and Smith and Karpicke (2014) described
earlier determined the effects of testing on students’ recall
of specific facts from reading passages and on their ability
to answer questions that required inference. In these stud-
ies, the authors defined “inference” as drawing conclusions
that were not directly stated within the passages but could
be drawn by synthesizing from multiple facts within the pas-
sage. In both studies, the investigators observed that testing
following reading improved students’ ability to answer both
types of questions on a delayed test, thereby providing evi-
dence that benefits of testing are not limited to answers that
require only rote memory.

Butler (2010) also examined whether test-enhanced learning
can be used to promote transfer, or the ability to use facts and
concepts from one domain in a different knowledge domain.
In one experiment, undergraduates studied six passages and
then restudied two passages, repeatedly took the same test on
two passages, and repeatedly took different tests on two pas-
sages. The tests were cued recall, and after students responded,
feedback was provided. One week later, students returned for
a cued-recall test. The test consisted of questions that required
factual or conceptual recall and inferential questions that re-
quired application of the same fact or concept within the same
knowledge domain (Bloom, 1956). As observed by Karpicke
and colleagues, testing improved students” ability to answer
both recall and inferential questions.

In a follow-up experiment described in the same report,
Butler (2010) examined the effects of testing on students’
ability to transfer knowledge to a different domain, again
comparing the effects of testing to restudy. Butler provides
the following example to illustrate the “far transfer” effect
the experiment targeted:

The following concept was tested on the initial test
... : “Abat has a very different wing structure from a
bird. What is the wing structure of a bat like relative
to that of a bird?” (Answer: “A bird’s wing has fairly
rigid bone structure that is efficient at providing lift,
whereas a bat has a much more flexible wing structure
that allows for greater maneuverability.”) The related
inferential question about a different domain was the
following: “The U.S. Military is looking at bat wings
for inspiration in developing a new type of aircraft.
How would this new type of aircraft differ from tradi-
tional aircrafts like fighter jets?” (Answer: “Traditional
aircrafts are modeled after bird wings, which are rigid
and good for providing lift. Bat wings are more flexi-
ble, and thus an aircraft modeled on bat wings would
have greater maneuverability.”)

Butler observed that repeated testing improved students’
ability to transfer knowledge to different domains when
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compared with restudy. In this experiment, the students
were explicitly told that the information they had studied
could be used to answer the questions on the final test, alert-
ing them to the need to use information that might other-
wise seem unrelated. Nonetheless, students needed to be
able to recall the relevant information and see how it could
apply within a new context, and testing enhanced this abil-
ity in comparison with studying alone. Butler draws on the
work of others to provide potential explanations for this ef-
fect, suggesting that retrieving information from memory
may lead to the elaboration of existing retrieval routes or
the development of additional retrieval routes (Bjork, 1975;
McDaniel and Masson, 1985, cited in Butler, 2010).

Testing Potentiates Further Study

Elizabeth Ligon Bjork and colleagues have reported results
that raise the intriguing possibility that testing can potenti-
ate further study through experiments that demonstrate that
pre-testing improves recall. Little and Bjork examined the
effects of multiple-choice pretests on recall of tested infor-
mation and related, untested information in undergraduates
in a laboratory setting. Students read two texts, one of which
was preceded by a 10-question multiple-choice test. After a
5-min retention interval, students took a cued-recall test con-
sisting of questions covered on the pretest and questions that
were previously untested (Little and Bjork, 2011). This result
suggests that the very act of pretesting may enhance stu-
dents’ later learning, perhaps by cuing students to focus on
key ideas and common distracters during subsequent study.
Wissman, Rawson, and Pyc have reported work that sug-
gests retrieval practice over one set of material may facilitate
learning of later material that may be related or unrelated
(Wissman et al., 2011). Specifically, they investigated the use
of “interim tests.” Undergraduate students were asked to
read three sections of a text. In the interim test group, they
were tested after reading each of the first two sections, spe-
cifically by typing everything they could remember about
the text. After completing the interim test, they were ad-
vanced to the next section of material. The “no interim test”
group read all three sections with no tests in between. Both
groups were tested on section 3 after reading it. Interestingly,
the group that had completed interim tests on sections 1 and
2 recalled about twice as many “idea units” from section 3 as
the students who did not take interim tests. This result was
observed both when sections 1, 2, and 3 were about different
topics and when they were about related topics. Thus, testing
may have benefits that extend beyond the target material.
Other studies that used less educationally relevant materi-
als (e.g., word pairs) provide further support to a conclusion
that testing can potentiate further study (Hays et al., 2013;
see also Soderstrom and Bjork, 2014, and references therein).

The Benefits of Testing Appear to Extend to the
Classroom

All of the reports described earlier focused on experiments
performed in a laboratory setting. In addition, there are sev-
eral studies that suggest the benefits of testing may also ex-
tend to the classroom.

In 2002, Leeming used an “exam-a-day” approach to
teaching an introductory psychology course (Leeming,
2002). He found that students who completed an exam every
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day rather than exams that covered large blocks of material
scored significantly higher on a retention test administered
at the end of the semester.

Larsen, Butler, and Roediger asked whether a testing effect
was observed for medical residents’ learning about status
epilepticus and myasthenia gravis, two neurological disor-
ders, at a didactic conference (Larsen et al., 2009). Specifi-
cally, residents participated in an interactive teaching session
on the two topics and then were randomly divided into two
groups. One group studied a review sheet on myasthenia
gravis and took a test on status epilepticus, while the other
group took a test on myasthenia gravis and studied a review
sheet on status epilepticus. Six months later, the residents
completed a test on both topics. The authors observed that
the testing condition produced final test scores that averaged
13% higher than the study condition.

Lyle and Crawford (2011) examined the effects of retrieval
practice on student learning in an undergraduate statistics
class. In one section of the course, students were instructed
to spend the final 5-10 min of each class period answering
two to four questions that required them to retrieve infor-
mation about the day’s lecture from memory. The students
in this section of the course performed ~8% higher on exams
over the course of the semester than students in sections that
did not use the retrieval-practice method, a statistically sig-
nificant difference.

McDaniel, Wildman, and Anderson examined the effects
of unsupervised online quizzing on student performance
in a Web-based undergraduate Brain and Behavior class
(McDaniel et al., 2012). The goal was to compare the effects
of multiple-choice quiz questions, short-answer quiz ques-
tions, and targeted study of facts on students” performance
on a unit exam corresponding to about 3 wk worth of class
material. Students read textbook chapters weekly and took
weekly online quizzes. Some facts were targeted on the on-
line quiz through multiple-choice questions, some were tar-
geted through short-answer questions, some were targeted
through representation of the target fact, and some were not
represented on the weekly quizzes. The authors observed
that both types of quiz questions improved student perfor-
mance on the unit exam in comparison with facts that were
not targeted on the weekly quizzes, both on questions that
were identical on the unit exam and the weekly quizzes and
on questions that were related but not identical.

Orr and Foster (2013) did a similar study in an introduc-
tory biology course for majors, examining the effects of fre-
quent quizzing on student test performance. Using the Mas-
teringBiology platform, Orr and Foster assigned 10 quizzes,
each with 10 questions to students over the course of the se-
mester. They then compared exam performance of students
who took all or none of the quizzes, finding that students
who took all of the quizzes performed significantly better
than those who took none of the quizzes. Importantly, this
trend was observed both for high-, middle-, and low-per-
forming students, suggesting that frequent quizzing can pro-
vide benefit for students across a range of academic abilities
(an observation that is consistent with results from Karpicke
and Blunt, 2011).

Kathrin Stanger-Hall and colleagues used testing as
a learning event in a workshop designed to teach study
techniques to students in an introductory biology class
(Stanger-Hall et al., 2011). Student volunteers from the class
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attended several workshop sessions, one of which focused
on retrieval practice as a study tool. In this self-testing exer-
cise, students were asked to individually recall and draw a
diagram drawn in class the previous week. As a group, stu-
dents were then asked to generate a table of the structures,
structural characteristics, and processes that should have
been included in the diagram. At the end of this collective-re-
call process, students were again asked to draw the diagram
individually. To measure the effect of this intervention, the
researchers compared the performance of workshop partic-
ipants and nonparticipants on final exam questions related
to the topic covered in the self-testing exercise. Generally,
workshop participants’ performance was higher on these
questions, although the difference was significant for only
three of seven questions, including one of two questions that
required higher-level thinking (defined as Bloom’s applica-
tion level or above). This difference was particularly notable,
because overall performance on the exam was not different
between the two groups.

WHAT ARE COMMON FEATURES OF “TESTS”
THAT PROMOTE TEST-ENHANCED LEARNING?

The term “testing” evokes a certain response from most of
us: the person being tested is being evaluated on his or her
knowledge or understanding of a particular area and will be
judged right or wrong, adequate or inadequate, based on the
performance given. This implicit definition does not reflect
the settings in which the benefits of “test-enhanced learning”
have been established. In the experiments done in cognitive
science laboratories, the “testing” was simply a learning
activity for the students; in the language of the classroom,
it could be considered a “no-stakes” formative assessment
with which students could evaluate their memory of a par-
ticular subject. In most of the studies from classrooms, the
testing was either no-stakes recall practice (Larsen et al. 2009;
Lyle and Crawford, 2011; Stanger-Hall et al., 2011) or low-
stakes quizzes (McDaniel et al., 2012; Orr and Foster, 2013).
Thus, the term “retrieval practice” may be a more accurate
description of the activity that promoted students’ learning.
Implementing approaches to test-enhanced learning in a
class should therefore involve no-stakes or low-stakes sce-
narios in which students are engaged in a recall activity to
promote their learning rather than being repeatedly subject-
ed to high-stakes testing situations. This point may be em-
phasized by findings from Leight et al. (2012). In this study,
students took a collaborative test immediately following a
high-stakes individual test in an introductory biology class.
The researchers examined the effects on students’” retention
of the tested content later in the semester and found that the
individual test/collaborative test combination did not have
a significant effect, highlighting a potential limitation of the
testing effect in a classroom setting.

The distinction between high-stakes and low-/no-stakes
testing is particularly important because of the consequences
that high-stakes evaluation scenarios can have on identi-
ty-threatened groups. Stereotype threat is a phenomenon in
which individuals in a stereotyped group underperform on
high-stakes evaluations (Steele, 2010). In essence, social cues
that activate a stereotype in an identity-threatened group
generate anxiety about fulfilling the stereotype, producing
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a cognitive load that significantly impedes performance on
the assessment. This phenomenon has been demonstrated
for women in math, African Americans in higher educa-
tion, white males in sports competitions, and a variety of
other groups that are negatively stereotyped in a particu-
lar domain. Importantly, the effect is particularly potent in
high-achieving individuals within that domain—for exam-
ple, women who are high achievers in math are more likely
to see a decline in their test performance if they are reminded
of the stereotype that women are not good at math (Steele,
2010). In science classrooms, it may therefore be particularly
important to consider approaches to test-enhanced learning
that are no- or low-stakes and are articulated as learning op-
portunities, thereby minimizing the potential for stereotype
threat. The potential for stereotype threat may be further
minimized by teaching strategies that indicate that stereo-
types are not believed in the class (Cohen et al., 2006; Miyake
et al., 2010).

WHY IS IT EFFECTIVE?

Several hypotheses have been proposed to explain the effects
of testing. The retrieval effort hypothesis suggests that the ef-
fort involved in retrieval provides testing benefits (Gardiner
et al., 1973). This hypothesis predicts that tests that require
production of an answer, rather than recognition of an an-
swer, would provide greater benefit, a result that has been
observed in some studies (Butler and Roediger, 2007; Pyc
and Rawson, 2009) but not others (Little and Bjork, 2012;
some experiments in Smith and Karpicke, 2014; some exper-
iments in Kang et al., 2007).

Bjork and Bjork’s new theory of disuse provides an alter-
native hypothesis to explain the benefits of testing (Bjork
and Bjork, 1992). This theory posits that memory has two
components: storage strength and retrieval strength. Re-
trieval events improve storage strength, enhancing overall
memory, and the effects are most pronounced at the point
of forgetting—that is, retrieval at the point of forgetting has
a greater impact on memory than repeated retrieval when
retrieval strength is high. This theory aligns with exper-
iments demonstrating that study is as or more effective as
testing when the delay before a final test is very short (see,
e.g., Roediger and Karpicke, 2006a), because the very short
delay between study and the final test means that retrieval
strength is very high—an experience many students can ver-
ify from their own experience cramming. At a greater delay,
however, experiences that build retrieval strength (e.g., test-
ing) confer greater benefit than studying.

More recently, Bjork, Bjork, and colleagues found that
multiple-choice tests can confer a benefit by stabilizing ac-
cess to marginal knowledge (Cantor et al., 2015). This theory
supports the use of retrieval practice, because the authors
posit that marginal knowledge can be reactivated, and one
way to do this is through multiple-choice testing.

WHAT ARE OPPORTUNITIES FOR
IMPLEMENTATION IN THE CLASSROOM?

These results point to several possible implementations
within the classroom.
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¢ Incorporating frequent quizzes into a class’s structure
may promote student learning. These quizzes can consist
of short-answer or multiple-choice questions and can be
administered online or face-to-face. The studies summa-
rized earlier suggest that providing students the oppor-
tunity for retrieval practice—and, ideally, providing feed-
back for the responses—will increase learning of targeted
as well as related material.

Providing “summary points” during a class to encourage
students to recall and articulate key elements of the class.
Lyle and Crawford’s study examined the effects of ask-
ing students to write the main points of the day’s class
during the last few minutes of a class meeting, and they
observed a significant effect on student recall at the end
of the semester (Lyle and Crawford, 2011). Setting aside
the last few minutes of a class to ask students to recall, ar-
ticulate, and organize their memory of the content of the
day’s class may provide significant benefits to their later
memory of these topics. Whether this exercise is called a
minute paper or the PUREMEM (pure memory, or prac-
ticing unassisted retrieval to enhance memory for essen-
tial material) approach, it may benefit student learning.
¢ Perhaps most exciting, Bjork and colleagues have reported
results suggesting that pretesting students” knowledge of
a subject may prime them for learning. By pretesting stu-
dents before a unit or even a day of instruction, an instruc-
tor may help alert students both to the types of questions
that they need to be able to answer and the key concepts
and facts they need to be alert to during study and instruc-
tion.

Finally, instructors may be able to aid their students’
metacognitive abilities by sharing a synopsis of these ob-
servations. Telling students that frequent quizzing helps
learning—and that effective quizzing can take a variety
of forms—can give them a particularly helpful tool to add
to their learning tool kit (Stanger-Hall et al., 2011). Adding
the potential benefits of pretesting may further empower
students to take control of their own learning, such as by
using example exams as primers for their learning rather
than simply as pre-exam checks on their knowledge.

As noted above, when considering ways to use testing
to promote learning in a class, it may be important to use
no- or low-stakes testing scenarios. This approach may al-
low the testing to serve as a learning event for the students
with minimal potential for provoking anxiety or other per-
formance-inhibiting responses. Pulfrey, Buchs, and Butera
provide evidence that instructor feedback can be particu-
larly valuable for student study behavior when the feedback
is not accompanied by a grade, suggesting that multiple as-
pects of a testing-for-learning scenario may have maximum
benefit under these conditions (Pulfrey et al., 2011).

It is important to note that incorporating testing—or recall
practice—as a learning tool in a class should be done in con-
junction with other evidence-based teaching practices, such
as sharing learning objectives with students, carefully align-
ing learning objectives with assessments and learning activ-
ities, and offering opportunities to practice important skills.
When considered through that lens, using retrieval practice
as a learning tool may be a particularly valuable opportunity
to both strengthen memory and to promote students” meta-
cognition (Tanner, 2012).
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WHAT ARE THE OPPORTUNITIES FOR
RESEARCH?

Although each of the opportunities for the classroom is con-
sistent with results observed in a psychology lab, and these
practices have been supported in some classroom-based ex-
periments, we believe that the testing effect has not been in-
vestigated extensively in college biology classrooms. Thus,
research questions are abundant: Are frequent quizzes in
an undergraduate biology class effective at promoting re-
call on a later test? Do they help prepare students to answer
questions that require higher-level cognitive functions?
Is there a quizzing regimen that is particularly effective?
What delay between study and quizzing is most effective?
Are particular types of quiz questions more effective than
others? Does regular quizzing impact student study behav-
ior? Are testing effects observed that are independent of/
additive with such behavioral changes? Do pretests have
a measurable effect on student learning? If so, what are the
parameters of this effect? Is the testing effect observed for
all students, or does it have particular benefits or harms for
certain groups of students? The questions that can be asked
about the role of testing in students” biology learning are
important and largely unanswered and a rich source for
new investigations.

One particularly rich opportunity for research relates to
the type of learning outcomes that testing can promote. Rel-
atively little work has been done on the degree to which the
testing effect can impact lower- versus higher-order cogni-
tive outcomes. While some studies have addressed the im-
pact of retrieval practice on students’ ability to answer ques-
tions requiring inference, and one study has examined the
effects of retrieval practice on students’ ability to construct
concept maps, these experiments involved relatively limited
assessments of learning outcomes (Butler, 2010; Karpicke
and Blunt, 2011; Smith and Karpicke, 2014). Experiments per-
formed in a class examining a range of cognitive outcomes,
such as the research described by Stanger-Hall et al. (2011),
would provide a more robust evaluation of the testing effect.

Pretesting may also provide a particularly interesting op-
portunity within the biology classroom. Most studies that
have demonstrated test-enhanced learning have relied on
retrieval practice, thereby strengthening students’ ability to
recall key information. In these studies, the retrieval practice
may have also given students the opportunity to process the
retrieved information and link it to other phenomena, but it
did not explicitly alert students to the types of cognitive out-
comes they should expect to achieve. Pretesting, on the other
hand, has the potential to do exactly that (Little and Bjork,
2011), priming students to focus on key information and cog-
nitive activities encountered during study. In this way, pre-
testing may serve to produce “a time for telling,” as Schwartz
and Bransford (1998) observed when they had students’ com-
pare conflicting data sets before reading and lecture. Investi-
gating this possibility may be a particularly fruitful avenue
for biology education researchers.

SUMMARY

The testing effect has a rich history in the cognitive psychol-
ogy literature, with results from laboratory experiments
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indicating that retrieval practice enhances long-term reten-
tion; multiple question types can be effective; feedback en-
hances the benefits of testing; the testing effect is not limited
to enhancing rote memory; and testing potentiates further
study. A limited number of studies have suggested that
test-enhanced learning may be achieved in the college class-
room through incorporation of low- or no-stakes retrieval
practice. A variety of questions about the parameters and
limitations of test-enhanced learning in the undergraduate
biology classroom remain unanswered, providing a rich av-
enue for future inquiry.
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