Doing Science

Design, Analysis, and Communication of Scientific Research

[van Valiela _



Copyrighted Materlal

gamg Serence offers useful, practical advice based on how working scientists practice
their craft. It covers each stage of research, from formulating questions and gathering data
to developing experiments and analyzing results and finally w0 the many ways for
presenting results, Drawing on his extensive experience both as a researcher and a research
mentor, lvan Valiela has written a lively and concise survey of everything a beginning
scientist necds to know to succeed in the field. He includes chapters on scientific data, sta-
tisticil methods, and experimental designs, and much of the book is devoted to presenting
final results. He gives valuable suggestions for improving scientific writing, for preparing
scientific talks, and devoles three chapters 1o hands-on advice for presenting data in charts,
tables. and graphs, Anyone beginnimg o scientific career, or anyone who advises students
in research, will find fefg Seience an invaluable source of information,
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Obtaining Scientific Information

1.1 Introduction

Wao make scioniific progross inwnprodictablo and smultifacstod wiys, Tho
first dmpuitis s the contribation by dndividinls of genbus and talmt. An
obeervation. provious information, sceamulaled experiende, or older
thserrios comld spuark s new explanstion o liypathesis. For Newton, it wis

the apocryphal falling apple. Galileo ke dald o have bonn inspied to

devolop e laws of mochanicul metbondNer obsereing an inosose-illod
cottpen dwinbig (o Ul Clothisdval at Pisic? Distractod from o Mass Difog
colibiratod; CGallloo vsed bis pulse to time the omeiTarions woad Swod thi.
resgarthissn of the amplitude of the swing. the podod wis the s He
U mxporimental Iy confirmed the obseryation wod devnloped oguations
thot mirrored the liws govorning the metion. Galilon's prooess ineluiled
thene steps. Fipat, ho askod the foasible question of how fast abjects moved,
mthor than trying the' then-anfeasible task of oplaiming why they movad.
Seerrvd, Crlilesr wad e et tions betwemn the detiiled, specific olmer-
vatbons b munds and genaral Liws tiat vould weceund for the way objisots
moved, Third, Galilso insisted on syntliesizing the newly prtined know!-
eidgis by dovising o muthemotleal expaosion for the laws

Mot all Ingpieational coos will b od memoeabili as falHig ofiplos of
swingiog cotkers. noe do we all hove i goniud o disdies the link bee
twnern' o Fd liniig wpple. thie eimi i Sall of Hedes, and thie motion of planoets.
The mark of scionlific inspiriion can be thought 1 bo the abifity 1o see
“n oloction. of the universe in the gling on e dop of dew.” Sciemific
genins invniikely to bo morely the result of iralning, b, whateyver the
lvol of one’s seiontitic prowess, it posstblo to Lo 1o b g better, mors
eritieal and ol fayrtive practitioner of polonion, to disgriminatn smong mora
i) Divw illorcthvn sy o o ethones, gl to comminnieste one’s mlis
to others in more tansparent fashlon.

A snconed Imputus bo sclentific progress W thd prople regquine soludlons
tov o plethora of probloms, Thise solutboms more ol thun oot oo eoe-

b Cam iy clied ool oo, dor g Baodind vaciia innst o Do Yol iy Buswvea loninas, Wae okt Kninicn

| nfdrrqtpm.wmrlm el brom il wff thm 1mmrrg T af ﬁn.'n‘hlr.h

bn ko actunliny the companile 10 the Catbodral. A Dritchean, Simon Stevin, did »
slonilay expaiimaont sdsw linpe g Do yoaes Beliee Galiloo’s wirk on tw s b,
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Galtlons pomaction that science and mathemancs
were twin pillars of hes approach o understanding
matune i fiterally depictod in the title page of Jhe
Assaper fseses figure oo p, 29, e of his Key beoks,
Wie s Sehenee o He Jedi imind ilhaminated (Ly
thies fight of reason i, hiabding o bk ji which e
stryrec] e facts abinit the Univiensas, thi sphere hkd
I Scikpices's Lol hand. O this rlghl B Aathisniat-
Fis, Bl enimaimibd epuiidm ol ﬂiutiplinm, bbdelingg in

her feft hant a compsss used to draw the trajerto-
ries of welestial burlies, ermbocied in the armillary
sphere i b pight hanel. Berkins Mathematics are
tefiscopes, ind heliw Sclvnee o distailed descrip-
tions 0f 4 plant, perhups thee ieis that i Floeence’s
symbral. Thesi leons tell s, in o conthiouativn ol
M bericlid artiitie teaabitien absatit b belasias, tonals,
el Frdormiatiion deed B Cutlibisn b hik gy for
dnderstbnading e

fit from sodentific know-how. It hins heen said that sclontific roeearch of a
baste natum by cotcarned primadly with description and explanation,
while applied rissarch focises on prodiction amd cantrol, A nuarine ecoli-
whar dowss buisie work to diline putelsnt and phgtoplankton mlstionships
i estuney, while tha applivations ol thus resules Linvolve using the e
lationsdiips o sisess witsr quality, and perbops cantrol nutrdent [npots
wt s to kevp phvtoplinkton giowth bislow a thrashold.

M hees i wtill o visrinnt’ prejudio, of lodst in some acndomic cieclos,
Uit thie basiie asgoots wre mome demandig, or samobow mion mieior -
o, o Whase of wpgalied seivnoe comparisons of thicrelat e meriis sevm
1o b 1o the disadvantage of ppplied work, To many academics, the
imgge of appliod research is often of second-rate, uminspiring activities,
wih s a chimmist tekting for binlagleal activity dlan andloss sorfon of com-
potinds exteacted from teopleal plants or marine invertebitiles, or an
sgromemist lesting multiphe combinntions of fertilizens until pechaps
combng rpon the one mix that doubles yield.

Seh atindes ignare the histary ol sclence. Many selentific disciplines
asied e oot an atbenupis (o solve appliod problems. These elifors
violdod not only tochuical progrises, but also insights into the fundamet-
bl workings of noture. 1o its tarn, the basie kKnow ledgo acguirned mode |1
piosisibily fo oxplon: new wavs of achioving milorin progres,

Distinetions between basic and appliod scivoce am thorflone more
trdurered and more domagiog than we might think. Creative appliod sai:
wnce dovetails wilh, and stimulates, basic seionee, since it bath applios
geoerl principles and provides new questions and toits of basic prin.
ciples. Moroover, H sclonto b o malotain the pubilic support sssontial
Fg# sustnbning [ustitlons that bn torn sapport sclonce—rasparch labs,
wndversitions, Tonding agenclas—Iin needs 1o make svident Low 8 helps
sulve Dimpartant spplied prolblems. Daprecatbon of the applisd fsts e
brv kb T ol @ enijor pomdion Toe public support of gclencs, and diapliays
Ltk le swirsirisss af Dhoe higtory GF deinnoe

1.2 Empirical Science

Galilet wis a proponsnt of empirical olservations to obisin factud in-
frrmeat bor, aned of doductive work tosynthesize Lo obsareptbons into laws,
Cloarly; e did pot soparmie these o mejor components of doing someo.
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Cveaimmg Seennfic informatiom. 5

Hanic and Applied Aspects of Science
Are Seldom Separale

Exapies ol the ivee el ke Dt agplitd eeds
arid sieific progses ane bistoncally pleatitl. 1he
et B sration et ingie, B wwindioe supplios to cities, this
coihitructiedy of havigable canals, and thie e
inerease shiigs spoeds stimtdatiod the dnidestanding o
thuahed e duringg thes age of Europiun exgbo-
ratienny; Ther peoblern of chetirminimg a ship's posinon

the messaremont of timie A dispote between the
Crantd Due by oof Teacany andd the: Papal States about
whiethen the watiers o the Chiana Valley should oy
iiites thee Arno o The Tibesr esubiedd in 8 combnbion
tor the Accaghomia del Cimento b Floreice it the
b Mt ek ehyainoid hyeroligial Knensloelse
Ly finstlinyg ernpieial bvichenc o that contracions exist-
I thivestiies of waler afioliie. Antomie van Losd-
seerhicnshe menstiog 1o ke o oloser ook at st and
wod | Jbwers n s Lemidy's towtifie Gechony, sohe ine
veoted an optical device thar openeed nimw windiows
for stience. it not recopded whether the micrmoope
sl ke sales of teatfles more- profitable.

et tia o thime, g tha Lates 10000 |h:-n- weTe
el agrlinlural matked pressures o over-

s o to advancess i astronpmy, geography; and

Tuthonkze matedals wence,

come crop damage by insect pesis. Entamplogists
thus hevame the largest and best-funded group
ol romilogridh in Hhe country, In retimg entimoko-

glsts dheveloped o prabilem-based way 1 de wi-

e, sl thel wark notonly nedlced crop losses
Lis Jrevects, bl Sl “""“ﬂ’!' Iulimm-.-.-r.l The way
scieniie i genedl s cuttently done. publishid,
tawnthi, anel lunded 1n the Linited States (Sarendaon
14435).

Simee fhar TEI0w, funclamintaby foe this ey
dovilopimg diseipline of ecodogy have ceme from
such sowmes a insghis obiained sibe sparehing
foor irstosrrmation wath which o contred sheep blowe
M it At ralla, attempts to ondesstand the gitoe
phbation of michwestern U8, likes ar the growth
ol fish iy ponds, iy Heiropee, and eliory to marage
overpopulated devs berds and fmprove fshery
hipresae (i many places in e wiarkd, Such Tinks
Lotwany base anid applied redearch coritinue to
L v, Fisk witcimmpiles, foinclameinkal sesoaech had
recently et thie discovery of Tullerebed, & s
Tewpmm aaf wartBaerns inowhieh s aloni dee aerangisd as
oy v sugrtae ol o soeeer bl Vg chisrmeal wric-
ture has remarkabile propenties thal likely will revo:

W breant thests separatuly here, but Gnly as o wily 1o sor bl aome |meor-
Huint fovature 1t b il B v orstoned (han Ui fwo connplament sach ot

Sorme Prneiples of Empinical Science

A fow principles set empirical seience apart fom other kinds of study:
testability lempicical verifontion], openstional definition; snd controlfed

ghamrvations

Enipirion] Verification

Eenpiricil scloncs choracteristinally begind with some observation. which

prromits thit obsiever to dsk o quisstio, This tew quiestion |s then sid-
Jottond 1o wonin kinkl of veeification, [F (he fdeas siovive O Gests, Dy
bowore paet of the body of scienifie Leowlodgie, dod miv glvi fas (o
Frortbiore poowe cdieises st ot enatiE snaioeds steingont bosts challimg th il
Thet “emapirrenl™ paet of thin process inool mojor iggportos, Thice
o e ko scionee Tor reveadsd eathe we reguies that e pctnl Ticls e
mepartod, that wo be told how the facts wore obtuined. and thet the e
sl vieed to tonch s conalision from the facts shewn b oxplicit, Noth:

ingg e By aexoptend from arealee sutharity.

Fhiis: sl ol Al s pesive
iatvhbabs ol b s
it b mar i
rriiberidl. - o0l neR | ke
Tbcts fhieie s sdicti
o scienee, bt the
method they ang deali
wathy .

Kl Pesirinn
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Dpwrational Defipition

Any thing or idea that is nol aperationally definalile is nok atenssihle iy
study by amplrical sifenee. Al torms usid in deseriptions or exjplans-
theimm st bee spcfically and realistically defined, This mokes it jos-
sibile for somenn el to underdtund explicitly what the faits are. and
et pie gurry out lurther tsts 0f the lacts or explanations. Oporational
dofinitions moke idbos festaliln.

Sotre exnnijilis of nenoperationa concepis sei wall Knows 1 is o
vt of tme, of cousse, Uy worry nbow) the density of angols on any
wurface. it alano the head of & pin. unless we have p working seo-
phomoter available. Anothor example is the “world other,”™ o hypotheti-
cl, homogsmnous, all-pervading substance that was preswmod to ocoupy
all emypty space, The concept was rovegnized as nonopetational aftor

Nat a New Concept: Observe anel Test

Thie emphiatsls on operatinnal observation and
wrtipitical tsting has g seneiable hidory, Francis
Bacon 11561-1626), an English philosopiler ro-
Fuseed b st gt ebigroan from thae writivge of Aristcithe
arel bthers, of from sevedlisd truth ds givedn By re-
ligiuice besits. Bacon inskséd o deviing ways-ti
vk emnpinical obsarvanons. Trotowoub] beoome
oamibesd i woe s thirggs an ey ane, bt Bacon
contended, why Dot creats congditions 1o answes
our guestioret Ce esample-of o Bagonian *oxpen-
ment™ might be, mmead of aceepting Arstolle's
watluiee [r thie mumbien of foeth in @ hire's mouth,
tir antually cheterminge the smbes by cauning 1n
ths 16008 8 Critleal extension of the notion of “ex-
periment” wis achieved by Galildo Calilel, one of
v ety fintie o Fual lants of stiendo. Cllileo not
dimly irabstecl o BUboon s e e al visrficatiar, bl
tcdded the idea that an expeniment atght also 10
Tt motthisal® 0l cimrenio] swhich laer became the
pgime ol e magor Florentine Asgagomia of soi
erice) tor the guestion boipg asked, Thus, Gallles
harted, wee cowld des a ertical expenment and de-
ride on the pruth or falsly of e gquistbor. This
ratboral way o bearn esentudlly lexd Galilee inte
Hirect conflict with the Church, wiiss mviabid
Erisths st conteailicred by Calileo®s wark
Fuarfhes sepuration with any Conistiin to -
Wehiag] trpth Beiciirme o tecr=sity for phildsopliees
it Mot lian dnivessities and academies,
wheo, partly sy an eflon 10 escape the tate of Calileo,

checiched ot o priliey of compiletes separation of -

il ialpssstraationns bt this wetlel and explanations
Ut it D ctnatrueed as biotdering on thie theo-
longieal by thie Holy Office of the Inguisition. The
Flusrontivie ACeadenmivs, anth many othes elswberne
it Euriypiie, steaiifasthy docHined o exglone imma-
frieril truath, fearcabug thismsisyes o dieal omiby with the
farts hefore them, and explicitly avorded attempls
al metaphypcal explanations

This attitude hadl both bad and good conse-
guences. O the ane band, 0 omade for & plice-
mieal way 1o stutly sciehee; many acadomics be-
catthis bt ot of urious divd goelied Laces
than selertists trying to undertand the way the
winrdd wirked. Ih ane sy, van Leduwenhosk
ulibcissiond thie farcienties of poppet. thon digressid
e bapivig g v Dt o suibsclijgressbor exjalaininig .
Fiee sl eefrihe freien) achvocativng his view thar fe
favewed this salubmous use of the bisverager, only
Tis wesggua® 1oy shont pssage on Spanish Bies theetles
That cause blisters) baefoee setyrming to a few mone
obwepvations on pepper. Mo synthetic, omgamizing
thenry there! O the ather laned, separation o
ermpirical from metaphysical opeged the way for
rrkirigs s bena i v Fiaoal, fioising oo the pios-
sl anel practical,

After thee Lt THO0 wiendtific progress larely
bideamis thie puitvise of Noirthern Edropaans, whis
sierie uninhibited By (he cobetraints placsd of
Cathulic scivatists by te Council of Treok. Ineo-
rably. stcienice expanded through the follwing
oo, a the expense of pevealed belier, invad-
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Chbbainiig Sclentific Tnfoeration

7

fccuntinanif)
g ey o Torkachden rothe Accachermiog Be-
Tigios dogma on themes such s the cuntral pos-
tioryof Earth and homans 1o (he antyense was pe-
plaged by pewer empiccl views
The pringiple that andy operrational ideas ae
accrssibilis o ermipltieal schentifio gudy eenilly
win adit, Bl sl easily or uniloemly, In the sov-
ertetnh cenfury, fuor wample may wiputitili
sholim whio wobld not deebm ol stodies G
the Crieation sl mbnagee] 1o arglie for the el
piskiie o prhalogikncn, a oibondess, Tasbelisss oo
Jess, werghiless sabpamoe thar was comeoved as
present in Hammable material and given off dur-
g burmmge I 1799, 1 Wondthowse, an ugetarg
professr from the Universty of Pennsylvania,
ol remonstrate with the cminant Englishiran
Tweprh Pristly that “Uhe. il':hnrlm it hih
W domctrimss aof plidogiion, fessi II'H:Ilq.;I'H whrifts

tejestcl pibloaggiftoan [ o mihe Ctesitege of thi imag)
oatiom, swisde euiftoroe b ooy b proved, ™
Phiogiston, lacking measumble properties. was a
nmaeperational voncept and s, o fact, could ot
b 1 . Lamisier’s demonstration of @ more
pl-'lu-uhfn, an:h;-pmdtrrwl epllanation ol coffilin-
e s 4 chemical oxielithae reactinn® spolled the
end ol #lhwu antel prwesd scbeniists 16 face The
testd 10y eprand thes i of openational detinition
bon ol s Tl Al

| Wisldbiikse, ||, $=000, A presirth 10 Jisplhi
Pyl ™s combidesation o the l‘ll‘,1_£‘lri'|_l'# i gl o,
el e dhecistmpmdinin o weeer fiedeid fypm
derrticibiative snpwrimuonts. Tram. And, (s S
4 4K AT

3 Betbesbm e b plibopiatiguee VIGE. (X e

Hovoisiee. Tome . Aioseres de Chimies ef, die Pfysigiee.

i, S 1B At iy ialee. Pagie.

it vk sedilidod that detectig motion Tn this homogenools sabktenog
wink i possilile. sboce we con detect motion anly by reacing peths of

irmemgu i s,

Concopts sugh as angels, souls.or Xibalba—the Maya uniderworlil—
gree s b topeienti G ingoiey, becaase ey wmenot epemtionadly
Hefinablo, What wap politically expodiont for sclentists ol the 16005
serendiplionsly st scientific lipgainy on o poth essontial 10 Bitire ad-
vians: fromt e o, solmnes mide ;mwmwlmn-mldrmtng ngration-
ally well-defined bssoen, Ever stoce, we have advanesd whisg we kept thee
ot nvs o winpiliienl sélunes andl fovmalid elinf wpruebe. Whise we hive
ot kaspt Bsllisl swsitonin werpirate fronn schapen, wie havi ssen Hitlo sejen-
Tl pooggeesin ained, L wioest el it comsiquince, Exiomplos
ol U Tattee Belasclie O sineledingy of idonbogy amd gonitiis that Teid 1o Ly
st fn i S don Thidon, aod ol g bos wid belio B inhesint racial

suphrionly in Nawh Cammany.

Controllod Observntions

It changs o a prosumad dndopondont varkable luads 1o change ina da-
peenclnt virtable, we suspectin doosal melationship. A convineing st of
th wlfect of o variable on sosther ngnites a lurther cesults that wi ol
sitrve A pespomas b the peesaimod dopendient varalilis when e inde-
pendunt varlable does aot change This idoa appeass gt varlous stages in
the hislony of schenon. perhips I wad Mt suggestod by Roger Bacon
[1214=12047), o Flanolican monk who taghie ar Oxdlond, b elearly by
il len, Now 10 in b oo concs it ol smipirical seienoon

Thaws weo i ffomnt wave i conteol thaaffeer of oortain vicinbilos. Thi
nost anamlilguous s b ean th et o comd ibons that doindeesd omit or
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Choingt Seaisncin

Why Do We Need Controls?

Lack ol approptiate comtrob! s & comirmmn faw in
tesmir, For instance, | B b hstinstrigted o
rusntprmeerlabes (e cambes it e Beatlng ol tom-toms
Loririges an ened o eclipies. We' e often neglect 1o
sk whuat haprpiers whiin o damt betats e i

Thiey Issties verdvased arid maehe asdichcin T thid Tl
b eariaple. Ciorsbdior d weathaer Fomcabtr whio
int 100 daws of furocists, cormectly prodices thar there
will b raine 8190 o the T (B et of 100 days of
predenonst. Thal isa rather oo track rovopd, n't
it Abspecully i we assme that besng comect pn 30
of 100 dhays would constitute “hroaking even. ) Hut
sapapone v wish b learn b oo oot wethie-
vy b 'm'-diﬂrrp; wisathier duritg specif: ddgs.
What happenisd when e prredicted raint O eligs
by which the farecaston peadited rain, ft rained B1
tigrsies amid i chiel rt viin 9 tlrmes. That s sull protry
poncail: i raieniad DO o et Himie swhien ole loreciiton
sailicl 1t woisld waien. Bt whit wo bis el of o
rect preddictions: for say, 100 diys? The foreciser
was correck on 2 autol the 100 days 187 rimy days,
plus ane nonrabey dayt and 2% sesms a e o
for weather Torecasting

W ate IHE with the nevd tor one more bilt o,

irtfesrmathon, one that at first ganei m1ld-r|' Afppar
uninteresting, bt happens to be atlimpoitan
what happeed whisn the futecaster prdicted no

1 hﬂll'upnf-i ripn-f.'rﬂ“'pﬂ'hmn-l.!ﬂi it
fiw fuprthiies o tsabbt' ol ceinresls.

EPE W i cllagrar e Laces Beddom Lo inoa e
Twy-bavr fahllie!

Prelicted Weather
Rain | No Rain
Actuil IRaih -, 3
Wather a1 gaiiy a 1

. tuarns out that regardliess of the prediction by
thi weathorman, f rains S0% of the time, (i gar:
lleer “pusts™ ool e domesasten’s ability witte based an
ok ol I suocissl, ofw fow (90%, cotc, o
an dlagnmal esidenge 2% comect). When we con-
slefier b bvebtonr o thae et ienn Al four ol in
e tasbslee, it suaclelisnly DisComes apparenl hal in e
sy, forveant giciraoy comos Lingely from the'ict
Ut ik s Tiar i thie area happesis to e rather
pairy, ot frcm miteoralom| e porfe,

Altherigh i retrospeot the abonse comshopratiomy
vy appear simphst, sgch “ope-cell,” “ope-fine,”
or, “tiagonal” amguments are by no means mne,
Andoram (19711 cltes s ttances from evervday
enperence the popular faith in mtralogieal hore
e, thes vy coimmestcil u-ﬂh'mini.ila. [ riuiti
“santlafheid Usiers,* thee achvice from Welloff pelitaies
Wl <0 s ek b Tike me yoo will succesd,”
and the cosmyiction from stav-al-Home fobks Bt
o cobiley peinlidis i bisst il in thee wisrlel.
Lk ol “hode=Coll™ rodrsoning 15 wWhio ol e I s
emlific thodght,

Told the voriable conmant A second is 1o random ize (soo below for -
planation) the waits of stody wo a8 toemaurs that theeaction of tho vari:
able does not appear in g syatematic way in the mesgocomeniy. A tied
wiry s to estimaie the offoct of the variahle and subtmet {t from the mea-
surament nbinined. 1 give oxamplos of thesp procedums bolow,

The hallmarks of smpleical scioncn therefore includs the concapts of
tusteehility of specifie questions. operationul definitions. and controlled
olseervattions. To lost qusthons we need 1o obtain infoematlon gialiduel by

"thesn princlples. A we will discuss bislow, It L not glways possible 16
wichive ull the desirable critordi.

Ways to Carner Empirical Information

Mot ull approsches in scionee posarch ane eguatly Wiely i specify and
hifine guusen and offects, and to provide the most alfective ways to fa)-
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