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INTRODUCTION

Unt i l  the avai tabi l i ty  ot  radar 's  that  coul ' I  detect  b i rds n iqr 'a t inq

alof t  a t  n ight '  s tudies emphasiz ing the in f luence of  meleorologj 'a l

var iables on lhe t lensi ty  of  nocturn i l  b i r i  n icrat ion suf fered because

the techniques of  s tudy wer 'e e i tber  ind i r " l_  (e 'q ' '  count inq qrounded

migrants)  or .  I i i i ted bY cer ta in weathcr  var iables (e 'q ' '  obscur inq

clouds in  the case of  noon-L 'atchinq)  Lack ( I96Oa) rev jeaed more than

lOO papers Publ ished between IaaO and L95e ihat  d iscussed lhe in fLuence

of  weather  var iables on passer tne n iqrat ion '  and he cr i t ic ized a1I

pr .ev ious conclus ions because nost  authors ha ' ]  used subject ive judqnent

or ,$ivariate statistlcs to scu'lY a nultiwariate problen Lack also

conclualed that ra'Iar pr:ovi'ted the nost ad'quatc mcasurenents of the

densi ty  of  n lgrat ion '  A!  reast  12 paper:s  cnphasiz inq the in f luonces of

w e a l h e r v a r i a b t e s o n b i r d m r q r a t i o n h a w e b c e n P u b l i s h e . t s i n c e l , a c k ' s

rewiew in 1960,  and each ls  based on ra ' tar  data ant l  employs rnul t ivar iate

stat is t ics.  Four.  of  these studies conci rn onfv spr inq n igrat ion ( i 'ack

f95ob;  Nisbet  and Drurv t96a;  Rj  chardsor  1? ' - ' ' '  19 '74 ;  four  concern onlv

faf l  n igrat ion (Lack 1963a,  ' l ruYs-casi i i r  1965'  Able 1973'  Richatdson

1975);  anal  four  s tudres conccrn bo+_h spr jng and fa l l  n igra l ion (Lack

1 9 6 3 b ,  G e i l  e t  a 1 .  1 9 / 4 .  R l c n a r d s o n  I 9 7 4 b '  A l e r s t a n  1 9 7 6 )  '
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h th is  paper I  analyze  re in f ruence of  weather  var iables on the

noct l ] rnal  n israt ion of  pesser ine b i rds in  sprrng us ing mulr iwar iare

stat is t ics and rev iew the 3onclus ions of  s i r i tar  s tudies.  The i_npl ica_

t ions of  the f ind inqs are d iscussed in tems of  rhe re iat iwe contr ibut ions

of  exoqenous and en{ icqenous factor .s  to the n igratory bchavior  o i  b i rats .

METHODSJ

I used the wSR-57 radar  aL the Nat ional  woather  Scrv ice srat ion at

Athens,  Georqia,  d l r r ing the s l r r in_q of  1969 to qather  data on the densi ty

of  nocturnal  passer ine n i l r rar ion.  per l j -nenr  deta i ts  of  th is  radar  are

thoroughly review,ad in caurhreaux (f97r:l). "he peak amoun! of trraqra!1on

on each of  54 n ights sanpted f r .om t5 Mar. :h to t9 May was d€termined by a

technique s imi lar  ro thar  used by radar  neteororogists  to

lntensi ty  of  ra infat l  (see caut l r reau 197.r ,  1975),  This  nerhoal  y ie lds

densi ty  neasurements of  b i rd n igrat ion detected by the radar  thaE are

highiy  corrc lated wlrh those obta ined by moon-watching ( lowery t95t) ,

arid the anount of miqrar:Lon can be expressed as rhe nlmber of brrds

crossinq a n i le  of  f ront  per  hour ,  the n iqrat ion t raf f ic  rate.

In the nul t ivar iate stat is t ica l  analyses that  fo t tow the maximun

densi ty  of  nccturnat  miqrat ion on a q iven n iqht  (TR) is  the dependenr

var iable.  The independent  var iables ar :e phoroper iod (pp) ,  sur face wind

direct ion (SWIND).  sur face l r ind vetoc i ty  (S\ iEL)  ,  a lof t  \ / ind d i r :ect ion

at  305 rn ( I "000 f t )  (Al l IND),  atof t  wind veloc i ty  (A!E!)  "  prec i l i ta t ion

dur inq previous dayl rght  horrs G'pT),  percentage c loud cover  {cLDs).

c foud heiqht  {CLHT),  dry butb tenperature (D,ru i " lp) ,  wet  bLr lb tanperatur :e

( I^ /TIMP),  r -o lat ive h lnnid i  iy  (Ff i ) ,  24-hou: .  cnange in dr :y  bulb temperature

(Dl-DTrF) ,  24-hou.  change in set  butb i :en,  crarure (DLWTMP),  24-hour cnange

in re lat ive hui ld i ty  ( l ) t  FH) ,  baronetr i .  pressure (BF) ,  24-hour cnanse 1n
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In th is  paper r  anatyze the in f luence of  weather  val iables o!  rne

nocturnal  n igrar ion of  ! . rsser ine b i rds in  spr inq us ing nut t ivar . ia te

stat is t ics and rev iew rhe .onctus ions of  s imr lar  srudies.  The i rpt ica_

t ions of  the f ind ings are d iscussed ln terns of  the re lat ive conrr fbutrons

of  exogenous and endog.nous factors to the n igratory behavior  of  b i rds.

llIlTHOris

I  used the WSR-57 radar  a. r  rhe Nat ionat  i {eathcr  Serv ice star ion ar

Athens,  ceorgia,  dur ing the spr inq of  1969 ro garher  dara on the atensl ry

of  nocturnal  passer ine rn iqrat icn.  per t lnent  a leta i ts  of  th is  radar  are

thorouqhly rev iewed in cauthreaux (1970).  The peak dount  of  nrqrat ion

on each of 54 niqhts sampled from 15 March tc 19 May was deiennined by a

technique s in i lar  to  thar ,  used by radar  neteorologis ts  to neasure rhe

intensi ty  of  ra infa i l  (see cauthreaux 19- ia,  Ig .15) .  This  nethod yre la ls

densi ty  measure,aents of  b i rd n iqrat ion detected by the radar  that  are

highfy corre lated wlr -h those obta ined by noon_watching (Lowery t95r) ,

and the anlout of nigr:atrion can be expresse.t as the nunber of birds

crossing a mi le of  f ront  per .  hour ,  the miqrat ion t raf f ic  rate.

In the mul t ivar iate stat is t ica l  anatyses that  fo t low the maxhlmr

densi ty  of  nocturnal  n igrat ion on a q iven n ighr  (TR) is  rhe dependent

var iable-  The independent  vai labtes are photoper iod (pp) ,  sur face wrnd

direct icn (SWIND),  sur face wind veloc i ty  (s \TL) ,  atof r  wind d i recrron

at  305 n ( I ,000 f r )  (AWIND),  atof r  wind vetoc i ty  (ArTL),  prec ipf tar ion

dur ing previous dayt i . r -hr  hours (ppT),  percentaSe ctouat  cover  (CLDS),

c loud height  (CIHT) ,  a l r ) '  bLr lb tenperarure (DTEM"),  wet  bufb tenperature

(wTEvP),  re lat ive huiL id i ry  (R! i ) ,  24-hour.  c i range in dry butb tenperature

(DLDTMP) .  24-hour chaage in . ret  butb ten. ,crature (Dtr4TMp) ,  24-hour cnange

in re lat ive hunid i ty  (DLF!) ,  baronerr ic  pressure (Bp),  24-hou,  chanqe in
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barcflretric pressure (DLBP), general s)'noptic weather over station (GEllw) '

precipitation tturing sanPte evening (NPPT) ' and nagnetic storn activitv

(K).  In a1f,  19 independent var iables are included in the analvsis '

unLess noted, lhe weather variables are those recorded at the beqinning

of the samPle evening (19:OO EST) at the Athens' Geoigia' wealhei station'

Any vaiiable reffecting 24-hour change is lhe difference between the

value of the variabte at the l9:OO hoLrr: on the sample eveninq and the

v a l u e a t t h e l g . o o h o u r o n t h e p i e v i o u s e v e n i n g . a h e v a l u e a s s i q n e d t o

the general synoptic weatner Pattern over the station was based on the

conparison between lhe national weather' map for the l9:oo hou-r ard Figure

1. winat alireclion is a circular variable an'I was linearized before

analysis by assigning the value of zero to north win'Is and the walue of

t8O to south win'ls' For win'Is from the interme'liate directions either

sester ly or eastel ly lhe vaLues range' l  f ron one to 179 (e'g ' '  nor lheas!

anal northwest winds had a value of 45' east an'l west winds had a value of

90, and so fo!!h) ' The dependent valiabte (TR) oraginally showed a

rightr-ske\tett and leptokurtotic (cLumped) disttibution !"ithout tr:ansfor-

nation, but a 6 il traistormation nor alizetl the distribution- other

details of this analysis fouow the recorfliendations of Richardson (1974b)'

The nufcivariate statasrical anatyses of the 'Ia!a included a

nultipte correlation proce'ture (coRR) using the Barr and Goodniqh! (1972)

statistical Analysis sysleln (sAs) package' the slep!'tise reqression

(STEPWISE) , an'l the rnaximrtn R proce'Iures (MAXR) usinq the Barr and

Goodnight (1972) sAS package' an't the stepwise rnullipfe discrininant

analysis procedure usang tne BI'lDo?M ptogra$ (Di:on 1973) ' stepwase

nuLtiple discriminant analYses were perfo ne'l with the dependent variable

(TR) divided fj'rst into two categories' zero migr:ation and nigration'

antl then into three categories' zero' me'liun ' and hea\'')' migration'

---.-.
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RESU',TS AND DISCUSSION

The nu_ltipte correlation anatysis shorred that the night_to_niqht

change in the density of migration idas cor:relateal positively wirh dry

buLb te.nperature (p<.oOOt),  general  stnopt ic i ,earher (p<.OOO3), surface

wind direct ion {p< .OoO4), 24-hour change in alry bulb renperature (p<.0006),

aloft  wind direct ion (p<.OOO?), wet butb tenperarur.e (p<.Ooo9), 24_hour

change in wet bulb tenperature (p<.0036), anal correlateat negatively with

aloft  wind vetoci ty {p<.0060) ard surface winat veloci ty (p<-0067).  The

renaining var iables were not signi f icant at the O.05 signi f icance tevel.

St.epwise regression anatysis generated the best predicrive nodel

with only four variabtes--dry bulb tenperature, general synoptic weather,

precipitation du-ring the sanpte night, anat velocity of atoft winal at 305

neters--explaining 54 percent of the night-to-night vaiiance in nigration

density (Tab]e t) . The rnodel shows the foltowing r:elationship berween

peak nightly migration density ("R) anal the four reather variables:

T R =  [ - 6 6 . 2 9  +  I . 4 9  ( I t l E u p )  +  9 . 1 3 ( G E N W )  -  2 8 . 7 0 ( N p p T )

- 0.95 (A!T!)  12 -  1

The included lreather vai iabtes are signi f icant at the O-O5 signif icance

level-  One variable alone, dry bulb temperature, exptains nearly 40

Percent of the variance in aR.

In an effort to exahine the nakeup of the variable general synoptic

neather, a naxiJnu,n R pr:oceature was performed with GENW as the depenalenr

variable and with migration density (TR) elininated. wirh all rhe

weather var. iables included, only 73 percent of the var iabi l i ry in

synoptic weather was explained. It thus appear.s that general s),nopric

\reather includes additional weather pararneters not specified by the array

of weather var iables I  have chosen for my anatysis.  In addit ion, a
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steplrise regression analysis \tas Performed to examine the most signifi-

cant neather variables that contributed to the dependent variabLe'

general synoptic weather' The resulting no'tel contained onlv three

valiables: the alirection ot aloft irin'l' the velocity of aloft wind'

a n . t t h e 2 4 - h o u r c h a n g e i n $ e t b u l b t e n p e r a t u r e . T h e c h l e e v a r i a b l e s

accounted for 48 percent of the variance in synoptic weather' and tbe

atoft wind direction alone accounted for 4l percent of the variance'

lihen slmoptic weather ( GENW) was elininated as an in'lependent variable'

the best regression fiDtlel contained only two weather variables ' surface

w i n t l . t i r e c t i o n a n d d r y b u l b t e n P e l a t u i e . a n . l e x p l a i n e d 4 4 p e r c e n t o f

the variation in nightly nigration traffic rate'

l n t h e f i r s t s t e p w i s e d i s c r i n L i n a . l ! f u n c t i o n a n a l y s i s , I a t t e t n p t e d

to find the lreather variabfes that were rbst inportant in discriminating

between occaslons wlth no nigration an'l occasions with miqration'

Based. on this aralysis, the following variables contributed siqnificantly

(p<.05) to the discr inlnant not lel :  diy bulb tenperatur 'e '  veloci tv of

aloft  winals,  precipi tat ion during the sanFle night '  antt  general  svnopt ic

weather.  Based on the ' i iscr lminant rcdel with these four var iabtes'

only two of tne 1? cases of no nugral ion were incorrecl ly c lassi f ied

(8at acculacy) , a!'l of the 3? cases of nigration onlv four ltere

nl1sclassi f iet l  (a9t accuracY) '  When at l  19 weather var iables weie

included the nisclassification in the mig::alion category \tas reduced

by only one case (92s accuracy) ' Thus four weather variables had

almost the same predictor accuracy as a1I 19 weather var iables'

when each case of no nigr:ation an'l nlgration is plotted usinq

the first and secon'l canonical" variables ' the separation of the ttto

categorles of nigrat ion traf f ic rale is ctearly ewident (Fiqure 2l  '

The canonical- vartables inco4)orate the nost important weather
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variables that a1lc{r maximun discr:illdnatlon between the two calegories

of r l igrat- ion. the canonical  corretat ion coeff ic ient (Rc) is 0.80, and

the proportion of the variance in the discrininant function accountecl

for by the two groups is 64 per cenr.

In the second stepwise discrininant function anatysis I divided

the dependent var: iabte TR i .nto drree cateqories: zero migrat ion,

nedium nigrat ion ( traf f jc rares bet een t  and 45oO) ,  and heaw

nigrat ion ( traf f ic rates above 45OO) .  only rhree var iables wer:e

signif icant {p<.05) :  dry bulb remperarure, general  synopt ic weathei,

aJld relative hunlidity. On the basis of this discrim_inant noalel with

these three var iables, t i ree of the t7 cases of no niqrat ion were

niscfassi f ied (82t accuracy),  13 of the 28 cases with mediur rdgrat ion

densit ies l rere nisclassi f ied (54g accuracJ) ,  anal h,ro of t lxe nine cases

with heaw miqrat ion wele nisctassi f ied (78E accuracy) .  When at l  19

weather var iables were included, only one case was nl isctassi f ieal  in

t-he zero nigrai_ion category (94t accuracy) , eight of the 2g cases aD

the medium r l igrat ion category were misclassi f ieat (72r acculacy) ,  and

none nere l r l isclassi f ied in the heaw nigrat ion category (1OOr accuracy) .

tigure 3 shows the plot of the cases in the thr:ee categories along ue

axes of the f i rst  and second caJronicat var iabtes. As e4)ected, t t re

t lEdium nigrat ion cases were the nost poorly ctassi f ied, plobably

because tire linj.ts of the category were sornewhat aftitrarily defined,

The canonical  corretat ion coeff j .c ient (Rc) is O.82 for t ie f i rsr

canonicat var iable and 0.54 for t ie second canonicat var iable, and

the proportion of the varrance in the discrininant function accounted

for by the three groupE is 67 per cent.
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rn al t  the nult ival iate studies of weather inf tuence on bird

nigrat ion lwo patterns energe'  t i rst '  of  the weather var iables that

have been shchrn !o have a significant influence on the night-lo-niqht

variation in the aftcrDt of rdgration' two variables ' temperature and

lr ind, have rather consistent ly apPeared'  Aspects of the weatber

variable wind have ts'een sno$n slgnificant in every study' In nl'

study both !,,ind direction and drv bulb temperature \'tere sisnificantlv

crcss -corre tatet l  (part ial  cor ' relat ion coeff ic ient O'43'  p<'0016 fdt

al i rect ion of surface win' I ,  Part ial  correlat ion coeff ic ient o '59'

p<.OOOl" for direct j 'on of alof t  wind) '  When one considets the f l ight

energetics of biral migration t'he inportance of both tenperature and

wind is setf-evident '  The other pattem evident f lom mult ivar iate

studies of weather and biid mrgration concerns the per:centage of

night-to-night variabitity In 1lhe eount of niqration explained bY

tne array of \ teather var iabtes'  In sPi ing (Tabte 2) the averaqe

percentage of exPlaine' t  vat iabi l i ty is 52 Pe! cent eTith a range from

40 pe! cent to 62 percent '  h the fal l  (Tabre 3) tne average e'Qrained

variabi l i ty is 47 per cenE w1!n a range fron 26 per cent !o 6t per cent '

Thus \teather conditions appear to be able to account for only about haLf

of tlre variation in the amount of nightly niqration' The remaining

variabitlty is prcbably dependent on the nur&)er of grolrn'led migrants

in the general area and on the inlernal con'litions of these ndgrants

lelat ive to their  readiness to migrate'

SUMMAFJ

l i f ty- four  n ights of  ra ' tar  data were gathered an ' l  processed

accort l ing !o the methods of Gauthreaux (19?O' 1975)

est imates of migrat ion traf f ic rates'  the highest

yielat ing accurate

hourIY tniqrat ion

--..l,
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Eigure 1. Synoptic weather chart used to assigrl values to the varia-b]e

general weather (GENW) . the vatue (in square box) gia.en to GENI{ was

t-hat most closely assocj.ated with the synoptic weather pattern over

the study site based on examination of the actuat suiface wearher map

f o r  L 9 : 0 0  E S T .

Figure 2. Discrimination between nights with no niqratlon and migration

on the basis of weather.  Nights are plotted in relat ion to t ie f i rst

and second canonical  var iables. Open circles are cases of no migrat ion,

and sol id circ les are cases wlth miqrat ion.

Figure 3- Dj.scrinination between nj.ghts with zeto, nedium, and heaw

tnigration on the basis of weathe!.. Niqhts are ptotted in relation to

the first and seconal canonlcal var:iables. Open circles are cases of

no migration, half-shaded clrcles are cases of mediun nllgration, and

solld circles are cases of heavt' rligration.
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CANONICAL VARIABLE IT
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