Education

Catalyzing the transition from student to
scientist—a model for graduate research training

hether stadents enter

graduace school intent an

hecoming coologists, mo-

fecular hiclogists, or Hinnologists,
all have one thing in commaon: they
will pmerge as what sociery calls sei-
entists, For rhis to e more than josc
a ticde, students mmse develop rhe
disciplined, eritically chinldng, and
crearive minds thar ave vhe hallmarks
of scientists. Although graduace
schaal is a continuation of the cd-
cation process, it differs markedly
from previans edacation. Under-
f_r,rm.lu ate students are rewarded for
their ahility o parrot back whar they
are required o study, with limited
call placed on their ability o work
independencly ar think creatively
(Wolpe 1984), Graduate school, by
contrast, requites students to learn
new thought processes hecause a
premium s placed on the amount,
cripinaliry, and depth of thoughts
and oo the ahilicy fo cominunicate
these thoughes ina manner that other
seicntists can assinilate and evalu-
ate. Given the radical change in
scholasric environments, how do be-
ginming graduate studencs rale the ficse
fewr steps toward becoming scientistse
We hepin with a definition of sci-
omee. Webster's Dicrionary defines
seience as “lowledge. . obtained anid
teated through scientific method.”
Therefore, 4 scientist mnst be a per-
son capableof generating new knowl-
cdpe throngh rhe application of the
seientific methed, To gencrate
lenovwledge, a scientist must learn to
achicye an interplay among foar
traics: curiesity, creativity, critical-
'rhinl{ing abilittes, and knowledge af
rigorous testing procedores, Carios-
ity supplies the scientist with know!-
edee about the sysiem heing studied
{Figure 1. Knowledge serves as the
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raw mateeial From which creativity
extracts and clahovares new ideas
abour how the stdy system mighe
aperate. Crivical-thinking abilities
are filters throogh which ideas are
passcid to assess their merit, The best
ideas hecome subject co vignrons test-
ing ta determine their walidity, and
the resulring knowledye is integrated
into the whole of scienrific undet-
:-.r1mlm;_, The enrire process, Frerm
curinsity o the gencration of new
nowledsge, is the scientific method.

Far most graduate students, thesis
{or dissertation) research is their Frst
opporiunicy o apply the scientific
methead. Because now graduate sto-
dents are inexpericnced rescarchers,
eraduate committees often cequire that
studlents prepare plans detailing che
researeh they will conduiet. Previous
anthors provide guidance about hev
to prepare graduate cesearch plans
(Stack 1983, Stearns 1987}, but the
process wartants greater atrention
lizcause the preparcation of a salid
cesearch plan should serve as a mi-
crocosin of the scientific method. In
this article, we outline a step-hy-step
model (Fignre 2 for the development
of gracduare research plans that esplic-
itly incorporaces the scientific method
and highlights the roles of curicsiey,
vreativity, eritical thinking, and rigor-
tns testing i rescarch design,

Step 1—Thesis topic sclection

Selecting a thesis topic s argualyly
the most important step in develon-
ing a thesis. Selection of a poor topic
will preclude an naescanding thesis
Fronm the outset, whereas selection of
a good topic increases the probalil-
ity of a significant contrilution to
science and provides the stadenr a
springhaardinto carcer development,
The student—advisor ream begins the
topic sclection process wirh general
discussions abaor potential thesis
rapics. [uringg these discussions, the

advisor’s raslk is to gavuge the student's
abilities and interests and to ailor
adwice relative to the amount of cre-
arive freedom that exises and is ex-
peeted For the degree being sought.
T'a the extent practical, the advisor
puides the smdent constructively along
channels that follow his or her natucal
curigwities. Pursiit of natural enviogi-
tics makes it mnore probable that the
student will hogin thinking and worle-
ing somewhat independently and
evenmally find a Fascinating thesis
topic. The impartance of learning to
think and work independently is
alvious, hot finding a thesis ropic
that fascinates the student s equally
imporeant becanse naaral cutiosity is
the cngine driving cthe student through
A4 vears of work on the topic,
Students should undertake tapic
selection by heeding the spicit of the
advice given by Srearns (1987} tn
“pead and think widely and exhans-
tively for a year,” The goal carly in
the seleetion of a thests copic {or the
scientific methad) is o acquire as
many relevant faces as possible (Fig-
ure L1, Students shookd scaee hy ace
guainting cthemsebves with current
thought in cheir discipline, They
should seel oot facalty members or
praduate students worlang in areas
of interest and question them ahout
what they fecl is cutting-edge re-
scarch and which peer-reviewed jour-
nals they read. The library shonld
become a familiar setring as stodents
cxplore the primary literacore, espe-
cially journals that are conteal to a
discipline, Reading worles that playcd
important redes n shaping a disci-
jiline can help stadents oleain o his-
tarical perspective and nnderstand
how current thoughe emerged. Tm-
porcant works can be identified ei-
ther by asking the apinions of others
ar by noting references that are fre-
guenily ciced i hiblicpraphies.
Classes or seminars facuasing oo the
hat topics within a discipline can
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Figure 1. Schematic of the scieutific methad and graduate vescarch plan develapment,

also be gond sources of ideas for
thesis tapics if they cover areas of
nuatural curiosity for the student.

Useful information can also he
derived fron more “hands-on™ ex-
periences. Pilat studics can be used
to explore the feasibilicy of an idea
while acguaiaring students with
equipment, The development of ficld-
nriented projects can henefit from a
Erip b0 a prospective stndy sice, where
careful obsorvatian and visics with
lacal biologists ar residents may pro-
vide insights into the hiolagical sys-
tem being considered.

Assradents acenmuolate Faces, they
will occasionally makeintuitive leaps
wherein they suddenby generate a
new idea ar nnderseand something
they had not previonsly. This is the
creative scep, and it is vieally impare-
tant heeanse it provides the new
thoughrs that propel science forward.
If the scudent’s insight scems to be a
nlansible research tepic or simply a
nscful idea, it should be immediacely
recorded becanse new insighes ace
also the raw macerial that the stn-
deng—advisor team will evencually
develop inta a thesis topic, But (ot
naw, the student must be as creative
as possihle and intuit numerous ideas
hecause only a fraction will wareant
[urcher effort.

Creativity [s a mysterions process,
bt nnderstanding how it funciions
ma¥ increase the number of insights
that students gengrate, Dowey’s
{1933) analysis of cthe thinking pro-
cess suggests that creative insights
tesule from the interaction of theee
factars: generating a strong desirs to
solve aproblem (in this context, com-
ing up withan idea for a thesis topic),
worling toward a soludon {in this
context, accumulating relevant facts),
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and allowing rime for the subcon-
scions to sort theough the inlorma-
tion and generate new ideas. When
creative insights do occur, they fre-
gnently happen when the mind is nor
consciously focused an the problem
(Beveridge 13610,

Onee the creative process hegins,
the stndent continues to fuel it
through continued acquisition of
lenovledge, but creativicy can now
be enhanced by cxplocing new ideas
in an interpersonal mannar, The ad-
visor and praduate student can skart:
participating in brainstorming ses-
stans in which the student’s ideas are
discussed, Brainstorming sessions
offer numterous advantages. First, the
act of vorbalizing ideas and getting
immediate foedhack from ancther
peesan is & powerful tool for gen-
prating new ideas or elaborating exist-
ing ideas; second, the advisoe can chal-
lenge the student’s thinking in a
canstructive way, thereby forcing the
stuclent to think more cleacly and
deeply about ideas; chird, the advisor
will develop a greater awareness of the
student’s abilivies, which will allew
the advisor to provide berter advice:
and finally, advisars can usc their
experietee to highlight chose ideas
that seem to have merit. Brainstorm-
ing sessions should lead w new or
improved ideas and help the student
identify which ideas should he fir-
ther developed,

Asideas For o thesis tomic develap,
they are abjectively assessed by sioy-
ing them through a “critical-think-
ing lilter™ to extract the best ideas
{Figure 1), Much advice has been
given abhout what constitutes a
*rood” thesis topic, and the stu-
dent—advisor team can nse these sup-
gestions to assess their ideas. Tor

example, Lawton {1992} andd TTanter
(1989 sugpested thae thesis topics
e selected based on the quality of
the underlying conceprual issues
rather than on narrow geopolivical
objectives, methodological coneerns,
ar species-specific comsiderations.
Therefore, the face that oo ane has
ealenlated gastric evacuation rates of
the muole deer herd in a parccular
mountdin range or developed a tech-
nique ta synthesize sca slug slime does
net in itself male these issues valid
thesis topics. Focusing on superficial
consideratinns encourages the student
to develop a shallow understanding of
science that translates to thesis worls
lsearing titles such as; “Use of tech-
nigue A to measure raic B of species
Coinostate TL® Ag a resaly, scientific
understanding advances in small
steps rather than in bounds, Although
there is nothing inhecentdy wrong
with developing a particular tech-
nigue or measuring a certain charac-
toristic of a species, these tasks shonlkd
be undortaken as oucgrowths of
hroader, mere abstractconsiderations.

Az an example, perhaps a student
reads ahour—ar, hetter ver, eroates a
plausible concepimalizadion of—the
relationship between environmental
factors and atteibutes of muele deer
digestive systems across the range of
imule deer. Once available data are
summatized, it becomes apparent
that a loy combination of environ-
mental faceors exists in a certain
motntain range. Teterminatian of
gastric evacuation rates from the deer
herd in the mountain range now be-
comes an important topic hecausc
the eombination of envirnmmental
Factors found at thac locale may pro-
vide a synchetic understanding of
ungulate gastric systems, Similarly,
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nothing is weong wich a study devel-
oping a method to synthesize sea
slug slime if the worl is conducted as
an outgroweh of the more concep-
tual aspeces of a thesis. When placed
in proper convext, methods stadies
CAT hﬂﬂ'{'.ll'l'l{! [i'.!I.'CE“E'I'IT. I:Dm[]]ﬂl“[‘!l'l_—
tary chapters in a thesis becauvse they
CHAULE rigotaus attention to detail in
the collection of data. Moreover, the
stidenr-advisor team may bencfit
from an addicional publication,

Pollard {1992) suprests that the-
sis topics focus on problems that are
imparant to a discipline. Simply put,
if students want to make significans
contribarions, their colleagues muse
thinle that the problem heing ad-
deessed i3 important. Barthaelomew
(1982} stresses the importance of
originality, reasoning that theve are
Lo0 many interceacing questions wait-
g to be addressed o repeat the
worle of others and squander valu-
able resources. We echo this senti-
ment, except o ocascs whoro it s
necessary to replicate a study to con-
fiem ehe validivy of vesults. However,
replications should not constitute the-
sl% tamies; instead, they can be used
to provide students wich introdoc-
tions to cquipment and methods.

Finally, practical considerations
mingt be taken into account when
selecting a thesis topic. A gond thesis
tapic should have growih potential
ad Facilikate carcer goals because
the topic will he the student’s spe-
cialty when the thesis is finished (Poi-
laed 19925, Stack (1983) snggests
that the match hetween research re-
gquirements and the ahilities and pase
expeticnees of the student be constd-
ored, A thesis project requicing a
skill the student already posscsses
will reduce the learning curve associ-
ared with a portion of the thesis
worle, but the student will not have
the mppertanity to develop rew skills.
Of ultimate practicality is whother a
potential thesis topic 15 tractable
riven time and money considerations.
Often, a potential topic is too road
and mast be narrowed,

Step 2—Scoping statcment

Once the student-advisor team has
sclected a chesis topic, the student
shinuld weite a scoping statoment
summarizing thoughts pertinent to
the thesis topic, A scaping statcment
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Fipure 2. Flow charr de-
picting an idealized process

Step 1
Thesis Topic Selection

of graduate rescarch plan
development.

is useful in sewveral re-
spects. First, writing sach
a statement gives the -
dentan opportunity to de-
velop critical-thinking and
writing skills becavse the
act of writing is a powerful
tool far ardering and clari-
fring choughts (Woodlrard :
19671, Sccond, the state-
meant males the stodent’s
understanding ol the re-
scarcl topic abvions, al-
lowing the advisor o
structure advice zccord-
ingly. Third, the existence
of 2 docomont malees it
passilile for others to as-
sess and consteuctively
criticize the thesis topic.
The scoping statement
need not be long, just long
cnﬂugh Eer d::v::!nr.n the ra-
tionale bohind the thesis
topic. A good statement
would inteeduce the the-
sis topie, deseribe nnder-
lving conceptual issues,
and establish the original-
ity and importance of the
profoscd research, At this
point, it is Impocoant to
make distinctions hetween
[ngicably discrete anits of

Ravision

“-| Research Plan Draft

'

Step 2
Scoping Statement

Step 3

Step 4

Revision

Regsanch
Aulfizlently
Dovuatnped

fBE

Step 5 1
Data Collection

...... i o
| Data Analysis

CinlR
Collaciion
Complata?

M
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the research hecause thege
distinctions will help fo-

Resaarch Plan Complete

cus later efforts to develop
the research, In a simple
case, a thesis might consist of two
units: one invelving the development
uf a new technique, and onethat uses
the technique as o data-collection
method to address a broader ques-
tion, If the student experiences diffi-
culty discerning what constitates
discrete units of the research, he o
she should seck the expertise of the
advyisnr,

After a drafe of the scoping state-
ment igcampleted, the advisor should
review it andd provide eriticism, The
student then modifies the document
accardingly. Once hath partics ave
satisficd with the scoping statement,
comments can be obtained fromcom-
ntittee members, graduate students,
ot faculty membhers to ensure that a

wider audience deteets no fundamen-
tal flaws in the thesis topic,

Step 3—Research plan deali

The ideas prosented in the scoping
statement are developed in detail aned
litdeed to specific predictions and meth-
acls in the research plan, The hady of
the research plan should be prefaced
with the information from cthe scoping
statemient to provide roaders with an
overview and conceprnal context for
the rescarch. Studenes conducting ficld
stucies shoold follew this overyiow
with descriptions of study-site compo-
nencs chat are relevant to the research,
such as characteristic flova ar fanma,
climate information, present or his-
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torie fand vses, natnral disturhance
repimnes, or nnderlying genlogics, The
rest of the research plan should be
used 1o claborate the diserete noits
recagnized in the scoping statement.

We supgest that each discrete unit
be developed as a chapter modeled
after ajonrnalarticle, withineradoc-
“tory, predictian, and methads sec-
tions. Although the composition of
individnal chaprers will evalve as the
rescarch procecds, this evolution is
cxpedived when students remain ac-
tively immersed in research design,
as the tharaugh development of each
chaprer requires. Furthermeore, ro-
search development becomes less
mverwhelming when broken into a
serics of well-defined picces, Stadents
also gain valuable peactice potting
thoughes into jonrnal format, and
future extraction of chaprors for pub-
licatian or prant suhmissions will be
facilitated, '

Introduction. Pach chapter of the
rescarch plan begins with an intro-
ductary scetion. A chaprer introdunc-
tion performs an important function
by delining the scope of a chapter
and giving dircetion to subsequent
secrions in the chapter. The amoant
of writing in the chaprer introduc-
tion dees noc have to he exhansrive,
but the thinking going inta the words
put on paper does. As the intrednc-
Hon is written, eare should he taken
ra ensnre that each phraae and sen-
tence arecomcise and logically linked
and convey the necessary message.
Appropeiate references should be
ineluded in the rext and cited acen-
rately. When integracing literatore,
the studenr shonld atcempt to syo-
thesize and cxpress the work of oth-
ery in an original way rather than
simply summarizing,.

In many regards, the process of
developing a chapter introduction is
simply 0 mare specific and detailed
repetition of thesis topie develop-
tnent. Facrs are acquired as the sta-
dentconducts a thorough assessment
af the litersture eelevanc to the chap-
ter topic. Creativity supplies new
ideas regarding volds in the carrent
lennaledie hase ar how relevane Facis
mav fit together, Critical-thinking
skifls arc vsed to extract the best
ideas and present them logically and
aconratelv,

The completed introduction should
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e a seamless thread of logic thas docs
three things: cstablishes the impor-
tance of the topic far an informed
reader, provides a context for the
study by deseribing the status and
shartcomings of present knowledpe,
and deseribes how che study will
supplement current knowledpe (Pe-
ters 19971} Far example, a paper
crploring the molecular basis of al-
eal cell lysis by bacreria (Karo et al.
1998} beoging with a statoment estah-
lishing the tapic’s importance:

Harmbul alpal blooms canse severe
damame v aguacnleured fishes and
shellfshes Tmai et al, 19251 and are
alio responsible for killing other
marine arganisms (Sichurch 8791

The status of curcent knowledge 15
then assessed through a bricf livera-
mire review. Koowledge voids that
the current research 15 designed o
fill are noted:

Althangh the mechanizms of algal
blesom mithrenks is [sic] not cleatly
nnderstoad, the nlga-lvtic acrivivies
af kacteria nany he a usefal Tacrar
fnr comtralling cxcess mrowth af

. marine algae e nature (Barnham et
al. 1981). Algal lysis Ty hacteria
muy be brought alwoa by the pr-
duction of cxtracellular prodocts
iFukami et al, 149%2) ar ecll-to-cell
coftlnet mechanisms (Salatn 1290,
Mlirsutani ot ab, 19925 1 [owever,
virmally uothing s lmown about
the mechanisms of algal cell lysis at
the malecular level,

The intraduction ends with an ex-
planation of how the research will
Al elis knowledae void:

Tn this paper, we deseribe vhio iso-
lation of erppric indigenaus plas-
mids from Alieronntes sp soraing
which nee able to Tyae the diatom
Shefeinrana cosfatnm.

Predictions, A series of pradictions
related to the chapter topic follows
the chaprer intraduction, but hefere
the veasaning behind predictions can
malce sense, the stdent most under-
stand the cancept of a hypothesis,
Scicurises nse the teem “hypothesis™
i deseribe the ahstract conceptuali-
zatiom underlving a research topic
{or chapter rapic). In more conereta
termsg, a hypothesis defines the ele-
ments composing the svstem being

studied and describes howe systom
ciements interact, Forexample, many
species of wild animals are thoughe
o exhibit metapopuiation structure
(Hanski and Gilpin 1997), In a mera-
population, a serics of discrete popu-
lations are comnected hy the acca-
sional mavements of individuals
among populations, Interactions
among populations resubr in the per-
sistence of many species that would
otherwise he extirpated. Tn this
conceptualization, system elements
inchiee each of the populations, the
individnals swithin the populations,
and the movement corridors con-
necting populations The movemens
of individuals amemg populakions
constitutes interaction between sys-
tem clements.

I3espite daca suggesting chat the
concept of a metapopuliation or ni-
mernus other hepotheses are valid,
hypotheses are still abstractions of
cealicy: No one will ever acrally see
or otherwise expericnce a mata-
papulation. 'Uhis sicuation results in
two questions: Why are hypatheses
important® TTow can an ahstraction
such as a hypothesis he studied?
Hypatheses are imyportant hecanse
they plansibly synthestze the facts
relevanr to particular systems and,
in sa doing, lavgely define systems
and how they ara studied. Before the
metapopalation hypothesis, hiolo-
giats envisioned populadons as dis-
crete encities and Focused most of
their attencion on meastring within-
populacion ateribures, such as the
birth, death, and growrh rates of
individuals; they ignored or thought
irrelevant the processes that ocenred
amang populations. Once the mera-
population hypothesis was devel-
oped, wild populations of animals
were studied differently beeause at-
tention was focused on processes
ozenrring amang papulations, such
as immigration and emigeacion,

The answor to the second ques-
tion lics in the nse of predictions,
Hypotheses may he ethereal entities,
but tliey are systems composed of
rangilble elemenes that interact ‘in
nhservable ways, By nsing hiypacheti-
eal undorstanding to malke a series of
insightful and measurable predictions
ahout how system elements interact
and then testing the correctness af
these predictions, it ispossible eo draw
inferences about the accuracy of luy-
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potheses. Thus, predicrions serve two
purposes: They fornm a bridege he-
twoen the ahstrace and concrete, and
they make explicit the attribnees of
the study system that are imporeant
tir measure. As a resalt, appropriale
methiods can be selected and idens
tested vigorously (Figure 1),

In addition to yielding helpful in-
sights, pond predictions are specific
and tescable (Stocls 19285), Predict-
ing that “The DNA of baceerial spe-
cies will differ hooween spesies™ is
nnc a gond prediction because ir dowes
nothing ta focos rescarch effores {f.e.,
are all species of bacteria being tested?
Which genctic characteristics will bhe
examined, and how will they be as
sessedd ), Furthormere, the prediction
is not testable because it is already
true [i.z., the DNA ol cvery argan-
ism ciffers ar some level of genetic
analvsish, A herter prediction would
he, “Allele g Freguency ar the P(G1-2
lorci of hacterial species A will be half
that of bacterial specics B." Becaose
this prediction is not already known
to be frue, it cant be cestod and the
rosnlts of the tests used o draw in-
fercnces abont the hypothesis under
consideration. With the second pre-
iiction, efforts are focused on two
hacterial species and on specific ge-
netic characteristics, hath of which
limit the number of possible methods
b these providing informatinn about
hacterial allele frequencics, Chmce in-
teneluctions and associated pradictions
arcecnipleted, comments shonld again
be soliciced from others and the re-
search further refined before time ix
spent designing methodolomies.

Methads, The methads that will be
used to test the scated predictions are
tdeseribed in the final seetinn in each
chapter. The methards scetion containg
enough detail that a kaowledgeahlo
readar could ceplicate the study. It s
usefal to split the methads seetion into
rwo sibzections, one deseriling heow
data will he collected and one de-
serihing how data will e analvzed.

Data colleation. Smdy-system at-
tribsuces fherealece refeered teras vari-
ahles) thar must be measured are
specified in the series of predictions
assoctated with a chaprer. TFre-
quently, mare than one mechod can
b nised o abrain dats on each vari-
able of interest. Fach method has
strenpths and weaknesses, ofeen
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dacnmented in the primary Ktera-
ture, that must be cricically evaln-
ated hefore the most appropriate
mothod can be chosen, To help dis-
criminace among methods, angwers
to the following quesrtions should be
sompht: What is the qualicy of daea
derived from each methad? How
costly, with respect to hoth time and
money, is cach method? Whar as-
sumprions are associaked with cach
method? Can assumprions be mot o
violations minimized? Occasionally,
the answer o ooc question {e.g.,
how costly is it23 overrides all othee
considerations, hut often the answer
rs oot clear-cut, and the above ques-
rinms shonld be used to seleet the
most appropriate method,

Dratei aenivfysis, Data analysis meth-
adls are vsed to objectively describe
patterns in data sets so that the acen-
racy of predictions can be assessed,
Beginning vesearchers often neglect
data analysis considerations antil
altee data have been collected, Such
an approach is a mistake, however,
becanse knowing which analysismeth-
ods will o used can increase the offi-
cieney of data colleztion and the sah-
scenent quality of resules. Forexample,
iF ANOVA ar ropression will be used
to analyze daca, & power analysis can
often be conducted before dara ave
cellleceed [(Cohen 12881 A power
analysis tells the rescarcher exactly
hor much daca are needed, malging
it possible ro avedd collecting ton
much or too Leele daca, Sanilarle,
wlien using regrossion analvses i iy
often desirable to abrain data chat
are apaced as evealy 4 possible over
a wide range so that the relationship
lsetween variables is characterized
accurately [(Meter et al, 1983), Com-
paralle considerations apply to all
data analysis methods, and lknowl-
cilpe of cach methad's nuances shiould
lead to critical ovalnation aned Fog-
ther madification of data callecrion
methods unil the mosc effcientsoady
dasign is achicved.

Step 4—DPeer review

Cnce che rosearch plan draf is cam-
pleted, it will benefit fram extensive
poene review. The peer-review pro-
cess shauld always begin with the
adwisor. Afrer che advisor's concernis
are addressed, criticism can be songht
hy presenting the rescareh planacan

informal seminar, sending the plan
o experts inothe discipling, or dis-
tribmting the plan to committes mem-
hers, ather faculty, or interested
graduate students, We have obrained
cxecllent resules from hrainstorming
sessions held among small groups af
graduate studenrs and faculty famil-
iar with a rescarel plan. The relaxed
atmosphere lends itsell o detailed
lines of gquestianing, and the free
exchange of ideas nften exposes now
opportunitics or previously over-
looleed woeaknesses, Afrer oblaining
criticism, the student—adwvisor tcam
shoold erivically assess the comumeaents
roceived and identify valid criticiams.,
I peer review suggests that the re-
search is insufliciently developed or
contains serious flaws, another ic-
eration of rescarch plan developinent
should he conduacted (Figure 2,

Step 5—Data collection

Tnitial data colleetion effores are an
gxplaratory process as the sowdent
develops familiarviey with method-
ologics and equipment. The steedent
shonld anticipate this process and
prepare for data collection by con-
ducting practice rons hafore attempt-
ing to collect meaningful dara, Onee
a rontine hag been established, how-
ever, tha process of data collection
often leads Lo ereative insights as the
subcomscious works o make con-
nections betweon what is actoally
being ohserved and what hypotheti-
cal onderstanding sugpests shonld
e atbsorvod, Ag noted earlier, cre-
ativeinsights and associated thanghes
should be recorded becavse they may
larer prove valualble in che evolution
of the student's rescarch.

Step 6—Daca analysis

In most graduare research projocts,
dara are collecred chrough a series of
lahatatory cxperimencs or Held stud-
ies. Breaks horwern daka collecrion
effares should be vsed to refine and
intelligently redivect vescarch., Ex-
ploracory data analyses can e con-
ducted to describe patrerns present
in indtial data, Te often happens chat
predicted patterns de not exist or
unexpected patteens are deteceed, Tn
all cases, the student—advizor team
shanld discoss the implications of
preliminary vesults and brainstorm
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to determine sprions that exist, Cer-
tain avenues of the plauned research
may no longer be tenable, whereas
previously unanticipated dimensions
may unfobd. Tf preliminary resules
suggest major rosearch rovisions,
anather iteration of research plan
development is conducted.

Conclusion

Qur goal in this acticle has heen te
provideadvisors and beginning grada-
ate stndents with a made! of gradu-
ate research training that helps cata-
lywe the transition of students into
scientists. Although hopefully pro-
viding neility, the model should be
viewed as a simple hut Hexible tem-
plate, Asexperienced scientists know,
the process of tesearch design is de-
cidedly ponlinear, characterized by
camplex interactions, and clasely
akin to an acr. This camplexity is
difficule ter portcay in a colerent
fashion, and it will become apparent
to beginning researchers only as they
develop intimacy with their vesearch.
In addition, our medel is unlilkely to
have universal appeal, given the id-
iosyncrasics of various disciplines
within the hiological sciemees and
the personal preferences of individu-
als, We find che model wseful, hosw-
cwer, even in creatively consteaining
situations, m which students agree
to weark on projects for which grant
funding has already been abtained,
Similarly, the model has proven ap-
plicable to students with a wide range
of ahilitics and working ac both the
Maseer's and PhD levels. Tt ig here
that the rele of the advisor becomes
pivotal hecause advice must be fai-
lored o ensure thac the student gains
an understanding of science while
developing a thesis topic of appro-
priate scope and substance for the
depres being sought.

Whatever the setting, several cotn-
ponents of our model should become
ubigquitrns parts of graduate research
within the biolegical sciencos. Pro-
poscd thesis research should be de-
scribed in detailed research plans. The
development of rescarch plans pives
students much-necded oppornmitics
to practice critical-chinking and writ-
ing skills. But motre impartant, stu-
dents hecome actively imumersed in
their rescacch, with the resuitbeinga
continuation of creative insight gen-
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cration and honing of che critical-
thinking skills necded to fully refine
the reseacch, Peer roview should he
an integral part of research plan de-
valopment. Only by addressing diffi-
cult guestions before dara are col-
lected can research «design be
improved and the quality of research
ensuwred. Tn addition, exposing stu-
dents to the review process carly in
their praduate careers accusinms them
ti recoiving criticism and provides a
stromg imeentive to develop defensible
answers to criticisms of the research.
Finally, the scientibic method shonld
e an explicit theme in graduate re-
scarch, Thesis rescarch often sutfers
hecause beginning researchers donot
underseand the application of the
soientific method well enaugh to per-
ceive the role it shonld play at cach
stage of research design. Inexperi-
ence can be quickly overcome, how-
ever, if advisors emphasize the roles
of curiosity in acquiring new faces,
creativity in generating tiew ideas,
and critical thinkingin refining ideas,
as well as the interplay that oceurs
amaong hypothetical vnderstanding,
predictions, and methads,
Development of a solid rescarch
plan is a time-comsuming and invalvedd
task, but doing good science is not a
trivial tasl, For most graduate sto-
dents, however, a major hurdle had
heen cleared once the research plan is
completed. The scope of the thesis has
heen parrenved (rom an amarphous
mass of possililities to a well-refined
and tractable research topic. With little
additional cftort, portions of the re-
scarch plan can be appropriarely for-
matteel and snbmitted as grant pro-
posals, or individual chapters can be
finished (as data collectinn cfforts
beeame complete} and presented at
seientific meetings o submitted for
journal publication well ahead af a
thesis defense. At this point, stu-
dentx can go as faras their minds will
talke them hocause, similar to the
metamarphasis that ocourred as dis-
parate thoughts and ideas were forged
into rescarch plans, studencs have
rransformed themselves into critically
thinking and creative individuals who
have earned che title of scientist.
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