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Abstract :  We report on the evolutionary change in bill size o f  a species o f  Hawaiian honeycreeper resulting 
f rom an apparent dietary shift caused by dramatic declines and extinctions o f  lobeiiolds, a historically 
favored nectar source. Although it now feeds mainly on the flowers o f  the ohia tree (Metrosideros polymor- 
pha ), early Hawaiian avifaunal accounts report that the i'iwi ( Vestiaria coccinea ), which has a long decurved 
bll~ fed  primarily on the flowers o f  Hawaiian Lobelioldeag which typically have long decurved coroUag A 
coevolutionary association o f  i'iwi bill and f lower morphology has often been assertea~ We test the hypothesis 
that the shift in the i'iwi's diet f rom the long corolla lobeliold flowers to ohia flowerg which lack corollag 
resulted in directional selection for  shorter billg We evaluate this hypothesis by comparing the morphological 
characters o f  museum specimens f rom the island o f  Hawaii  collected before 1902 with recent specimens f rom 
the Hakalau National Wildlife Refug~ Hawaii  We examine evidence o f  change in morphological characters 
using multivariate analysis and a nonparametric cubic spiine technique. Results f rom all analyses are 
congruent., bill length is shorter in recent specimeng 

Consecuencias evolutivas de las extinciones en poblaciones de un "honeycreeper" hawaiano 

R e s u m e n :  Presentamos un reporte sobre los cambios evolutivos en el tama~o del pico de una especie de 
"honeycreeper" hawaiano que fueron originados por  un cambio aparente en la alimentaci6n cat, sago por  
declinaciones y extinciones dramdticas de lobelidceag una fuente de nectar preferlda p o t  estas aveg Si bidn 
en la actualidad estas aves obtienen su alimento a partir de flores del drbol ohia ( Metrosideros polymorpha), 
re latos H awaianos reportan que el i'iwi (Vestiaria coccinea), queposee  un p ico largo y cumczdo hacia abajo, 
se alimentaba principalmente a partir de flores de Lobeiioideae hawatanag los cuales poseen tfpicamente 
corolas largas y curvadas hacia abajo. Se ha afirmado frecuentemente que existe una asociaci6n coevolutiva 
entre el pico del i'iwi y la morfolo~ia de la flor. En este trabajo, nosotros probamos ia htp6tesis de que el 
cambio de dieta~ consistente en dejar de aiimentarse a partir de las flores de lobeiidceag que poseen corolas 
largag para aiimentarse a partir de flores de ohig que carecen de corolag result6 en una selecci6n direc. 
cional hacia picos mas corto& Evaluamos esta hip6tesis por  medio de la comparaci6n de los caracteres 
morfol6gicos de especimenes de museos provenientes de la isla de Hawaii  colectados antes de 1902 y de 
especimenes rectentes obtenidos en el Refugio Nacional de Vlda Sllvestre de Hakalaz6 en Hawaii  La evidencia 
del cambio en los caracteres morfol6gicos es examinada usando andlisis multtvarlado y una tdcnica no 
param&trica de "cubic spline'" Los resultados de todos los andiisis son coincidente~, la longttud del pico es 
menor en los espicimenes recientes. 
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Introduction 

A growing number  of studies suggest that the charac- 
ter'lstics of ~ving or~wfisms carmot b e  understood ha 
t e rms  of m o d e r n  condi t ions a~one {O~son & ~ames 
1984;Janzen 1989; Diamond 1990; Cooper  et al. 1993). 
K_ttowled~e o f  or assumptions about  past  ettvirouments 
are c ~ c i ~  ~:o ul~&erszai~mg p r e s ~ Z  eco}og~c~ ~ i~  e~- 
o~utionary pbenomenu.  Recent  extinctions of predators,  
competi tors,  or  food sources have broadened the differ- 
ences be tween  past and present  environments.  This is 
especially evident in the Hawaiian Islands, where  ex- 
tinctions and declines of native fauna and flora have 
been severe (Scott et al. 1986; Freed et al. 1987; Wagner 
et al. 1990). Here we  use museum specimens of a once 
c o m m o n  Hawaiian honeycreeper  (Aves: Drepanidinae), 
collected before the occurrence  of dramatic declines 
and extinctions of  historical compet i tors  and favored 
food sources, to measure evolutionary change in a mor- 
phological character.  The results emphasize and sub- 
stantiate the need for a historical perspect ive in under- 
s t and ing  p r e s e n t - d a y  e c o l o g i c a l  re la t ionsh ips .  In 
addition, results illustrate an important  way museum 
collect ions may cont r ibute  to our  understanding of 
threatened ecosystems. 

I'iwi (Vestiaria coccinea) now feed mainly on the 
open,  non tubu la r  coro l la  f lowers  of  the ohia t ree  
(Metrosideros polymorpha) (Carpenter  & MacMillen 
1976; Pimm & Pimm 1982; Mountainspring & Scott 
1985; Carothers 1986a; Scott et al. 1986). However,  
early Hawaiian avifaunal accounts (Peale 1848; Perkins 
1903) repor ted  that this bird, which has a long de- 
curved bill, preferred the flowers of Hawaiian Lobelio- 
ideae (Campanulaceae),  which typically have long de- 
c u r v e d  coro l las  ( W a g n e r  et  al. 1990)  (Fig. 1). A 
coevolutionary association of honeycreeper  bill and lo- 
belioid morphology often has been  asserted (Perkins 
1903; Rock 1919; Munro 1944; Speith 1966; Grant, V., 
1977; Scott et al. 1986; Sohmer & Gustafson 1987), and 
it would  be difficult to account  for i'iwi bill size and 
shape if it had evolved to specialize on ohia (Perkins 
1903; Scott et al. 1986). Hawaiian lobelioids are char- 
acterized by a suite of  morphological  features associated 
with bird pollination, including deep, tubular, long-lived 
inflorescences that are few in number  but  contain abun- 
dant nectar  and have no odor  (Stiles 1978; Lammers & 
Freeman 1986). In addition, recent  compositional anal- 
ysis (Lammers et al. 1986) of  lobelioid nectars indicate 
that they are rich in hexose, a form of sugar preferred by 
passerine birds for nutritional reasons (Baker & Baker 
1983). 

Two complementary  factors help explain the i'iwi's 
historical dependence  on these flowers: (1 )  lobelioids 
were  a prominent  understory componen t  of the original 
Hawaiian forests (Peale 1848; Rock 1919; Scott et al. 

1986; Wagner et al. 1990), and (2 )  early behavioral 
records indicate that they were  apparently inhibited 
from feeding on ohias by the behaviorally dominant  Ha- 
waii "o'o (Mo?oo nobili~. Aves: Me~p~agiOae) (P~rkins 
1893; Perkins 1903). Unlike o ther  nectar ivorous specAes 
such as the sympatric apapane (Himatione sanguinea), 
vekich yeas aL~o suhorditmte to the  'o 'o,  the  i'ivci is ~o t  
know~ eo swamp ~ewaor~a deeemes by £ ~ g  m/~ocks 
(Carofloers ~986b). By 190D, fl0e ' o ' o  was  extinct  and 
lobelioids had declined greatly in abundance (Scott et 
al. 1986). Within the last 100 years, 25% of  the Hawai- 
ian islands' lobelioid species have gone extinct, and 
most  remaining species are rare or endangered as a re- 
sult of habitat degradation and herbivory by feral ungu- 
lates (Scott et al. 1986; Wagner et al. 1990). 

We suggest that the great decline of its lobelioid food 
resource and the 'o 'o  extinction resulted in the i'iwi's 
shift of foraging emphasis to ohia flowers, causing new 
selective pressures on bill morphology.  Honeycreepers  
that specialize on ohia, such as the apapane and the 
crested honeycreeper  (Palmeria dolei), exhibit  short  
bills to exploit  this food source (Carothers  1986a; Scott 
et al. 1986; Freed et al. 1987). In addition, data on feed- 
ing efficiencies indicate that apapanes feed more  effi- 
ciently on ohia than does the i'iwi (P imm et al. 1982). 
Given the typically close relationship be tween  bill mor- 
phology, diet, and fitness in birds (Grant, P. P~, 1986; 
Price 1987; Smith 1987, 1993), we  hypothesize that a 
shift away from a diet that relied heavily on the long 
corolla lobelioid flowers to one primarily of  open  ohia 
flowers, which lack corollas, would  have resulted in 
directional selection for shorter  bills. Here  we  eval- 
uate evidence for an evolutionary change in bill length 
in association with the dietary shift by compar ing mor- 
phological characters of  old and recent  specimens of 
i'iwi. 

a. 

I" 

i. 

Figure 1. Ohia f low~, lacking a corol!ag on which 
i'iwi primarily feed on today (a). Nineteenth.century 
etching of  lobelioid flower on which i'iwi fed histori- 
cally, showing match between flower and bill mor. 
phology, from Peale (1848) (b). 
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Methods and Materials 

We eliminated interisland variation by making all com- 
parisons with individuals f rom the Island of Hawaii. Mu- 
seum specimens collected before 1902 (designated as 
"old" specimens)  we re  compared  to live specimens, 
mist-netted, measured,  and released be tween  1988 and 
1991 (designated as "recent"  specimens)  at the Pua 
Akala por t ion of  the Hakalau Forest National Wildlife 
Refuge, a site where  lobelioids are very rare. To test for 
geographic variation within the island, which  might 
have biased results, w e  compared  the character means 
of old specimens collected from the two principal vol- 
canoes on the island, Mauna Loa and Mauna Kea. 

Measurements were  taken using dial calipers, as fol- 
lows: wing length, chord  f rom carpal joint to tip of  the 
longest primary; tarsus length, f rom tibiotarsal joint to 
distal undivided scute; lower  mandible width, measured 
at base of  bill; upper  mandible length, chord from point 
where  culmen enters feathers of  head to tip; lower man- 
dible length, f rom proximal  midpoint  to the tip. All mea- 
surements  were  taken by T.B. Smith and J.K. Lepson 
after standardization of methods. 

Because i'iwis are sexually dimorphic  in size (Ama- 
don 1950) and samples for females were  small, only 
analyses involving adult males are presented. Live birds 
were  sexed during the breeding season by reproduct ive 
morphology (J. K. Lepson unpublished data). Museum 
spec imens  and live birds (dur ing  the nonbreed ing  
months)  were  sexed primarily by wing length ( <  75 m m  
= females; > 8 0  m m  = males). All were  aged on the 
basis of  plumage (Amadon 1950; J. K. Lepson, unpub- 
lished data). Possible changes in bill length due to dif- 
ferential seasonal wear  or age were  examined by com- 
paring m e a s u r e m e n t s  of  adult  individuals cap tured  
repeatedly over  different seasons during a three-year 
period. As a control  to determine if i'iwi bill changes 
reflected widespread bill size changes in nectarivorous 
honeycreepers ,  w e  measured upper  bill length on old 
and recen t  spec imens  of  apapane,  an obligate ohia 
feeder (Scott et al. 1986) that has not exper ienced a 
known dietary shift. 

In the present  study there are two possible sources of 
measurement  error  resulting from be tween  and within- 
measurer  error. The former  reflected the fact that two 
workers  per formed measurements  (J. K. Lepson mea- 
sured live specimens and T. B. Smith measured museum 
specimens).  To examine these differences, 34 speci- 
mens were  measured by both  workers  and the means 
compared.  Means (+--SE) of the three bill characters 
measured by T.B. Smith and J. K. Lepson respectively 
were  lower mandible width, 5.7 - 0.07 and "5.8 - 0.05 
mm, upper  mandible length, 27.7 - 0 . 1 8  and 28.0 - 
O. 17 ram, and lower mandible length, 20.0 - O. 14 and 
19.9 +- 0.14 mm. Therefore,  before statistical analysis, 

0.3 m m  was subtracted f rom each live spec imen mea- 
sured by J.K. Lepson. The direction of measurement  
bias in both  bill length measurements  is toward longer 
bill length in recent  specimens, which is contrary to the 
hypothesis that the upper  mandible has b e c o m e  shorter  
over  time. Statistical analysis was per formed on both  the 
corrected and raw measurements.  Measuring all speci- 
mens in a blind fashion, wi thout  prior  knowledge of the 
hypothesis, was not possible because few recent  mu- 
seum specimens are available. However,  a subsample of 
live specimens, measured before formulation of the hy- 
pothesis, was compared  with museum specimens. 

Within-measurer error  was estimated by taking re- 
peated measurements  of  the same specimen by the same 
measurer. This was done for bill characters by measur- 
ing five museum specimens five times in random order  
and estimating repeatabilities from the variance compo-  
nents of analysis of  variance (ANOVA, Falconer 1981). 
This measure is helpful in establishing a threshold by  
which biologically meaningful differences can be iden- 
tiffed. Repeatabilities were:  lower mandible width, 0.98, 
u p p e r  mandib le  length,  0.99, and lower  mandib le  
length, 0.91. These values are high and are similar to 
those found in studies of other  birds (Grant  et al. 1976; 
Smith 1990b). In cases where  a live individual was mea- 
sured more  than once, the mean of the measurements  
was used in the analysis. 

Whether  the drying of museum specimens could have 
resulted in changes in bill curvature and therefore a 
subsequent change in bill chord length was de termined 
by comparing the bill curvature of old and recent  spec- 
imens. Bill curvature was measured on museum speci- 
mens by fitting the upper  mandible to circles on polar 
coordinate paper  (differences be tween  concentr ic  cir- 
cles were  2.54 m m  in radius). The upper  bill is a func- 
tion of a circle when  measured from the base of the 
culmen. A circle that is too large or too small causes the 
bill tip to extend toward the inner or outer  circle, re- 
spectively. Each bill was bracketed by pairs of  circles, 
and the radius at the midpoint  was recorded.  Curvature 
was measured on 10 recent  specimens collected after 
1984 and 10 old specimens collected in 1899. 

Evidence for evolutionary change in three bill char- 
acters and two body characters was tested using t-tests 
that compared  differences in individual character  means 
of old and recent  specimens, one-way MANOVAs, that 
tested differences be tween  group centroids of  the three 
bill characters and a nonparametr ic  regression tech- 
nique or cubic spline (see Schluter 1988). Typically, the 
spline is used to examine selection on morphological  
characters using longitudinal survivorship data (Smith 
1990a). In this study the spline provides a visual repre- 
sentat ion of the inferred evolut ionary t ra jectory or 
change of a character over  time. The spline is more  
informative than a simple linear regression because it 
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gives the likelihood of individuals with given character 
sizes persisting over time, yielding an adaptive surface 
for each character. Specimens defined as old (individu- 
als with morphologies shaped more by feeding on lobe- 
lioids) were assigned a value of O, and those defined as 
recent (individuals feeding primarily on ohia flowers) 
were assigned a value of 1 (see Schluter 1988). 

Results 

Comparisons of character means between old and re- 
cent adult male specimens from the island of Hawaii are 
shown in Table 1. Both univariate and multivariate anal- 
yses show that upper mandible length became shorter, 
as predicted by the hypothesis (Tables 1 and 2). There 
was no significant shift in body size as indexed by wing 
or tarsus length, indicating that the change in bill length 
was not the result of an allometric shift in body size. 
Furthermore, results were similar when  adult males and 
females were combined. The difference between old 
and recent specimens for upper mandible length also 
remained statistically significant when raw uncorrected 
measurements were used (t-test, p < 0.05; MANOVA, p 
< 0.02). This indicated that despite the measurement 
bias in the opposite direction of the stated hypothesis, a 
significant difference remained. Furthermore, upper bill 
length remained statistically shorter in live specimens 
when measurements from 90 individuals (measured 
prior to the formulation of the hypothesis) were com- 
pared to old specimens (t-test, p < 0.05). 

Cubic splines showed evidence of directional selec- 
tion for decreasing upper mandible length (Fig. 2), but 
only for values greater than 28 mm. This suggests that 
individuals with longer bills experienced a fitness dis- 
advantage and that the significant change in upper man- 
dible length occurred primarily because of the absence 
of individuals with extremely long bills in the recent 
sample. Modern museum specimens had less decurved 
bills than old specimens by a radial difference of 1.3 mm 
( t  = 2.61,p < 0.02). Because a straightening in the bill, 
whether by drying or by a real change in shape, would 

Table 1. Means (:t:SE) of morphological characters for adult 
male i'iwis from old and recent samples. 

Old Recent  

Chwracter No. Mean  ( m m )  No. Mean ( m m )  

Wing 94 80.7 -+ 0.21 37 81.0 -+ 0.41 
Tarsus 94 23.9 -+ 0.1 37 23.9 -+ 0.16 
Upper Mandible 

Length 87 28.0 -+ 0.09 135 27.5 -+ 0.06* 
Lower Mandible 

Length 85 19.8 -+ 0.08 35 20.0 -+ 0.12 
Lower Mandible 

Width 91 5.7 +-- 0.05 36 5.8 -+ 0.06 

*p < 0.001. 

Table 2. Results of a one-way MANOVA comlmring old and 
recent samples for three bill characters.* 

F Tests DF F P 
Upper Mandible Length 1113 10.08 0.002 
Lower Mandible Width 1113 0.74 0.39 
Lower Mandible Length 1113 2.15 O. 15 
Multivariate Wilk's 

Lambda 3111 8.35 <0.001 

* The independent factor is time (old versus recent); dependent vari. 
ables are the bill characteristicx A correlation matrix o f  all charac- 
teristics yielded significant correlations between all characteristic~ 
but coefficients were less than 0.8, indicating that statistical prob- 
lems arising from multicolineari~y were minimal (Price & Boag 
1987). 

tend to lengthen bill chord, a decrease in bill chord 
could occur only if a straighter bill became shorter. The 
observed change, with more recent specimens exhibit- 
ing straighter bills, means that the difference between 
old and new bills includes at least a decrease in bill 
length. 

Geographic, age, or seasonal factors are unlikely to 
account for changes in bill length. Character means of 
old specimens collected from Manna Loa and Manna 
Kea did not significantly differ from one another in the 
five characters (t-tests, n = 68; for upper mandible 
length, X +- SE, 27.7 -+ 0.11 mm and 27.8 - 0.32 mm, 
respectively), indicating that differences were probably 
not the result of unequal sampling between geographic 
localities. While bill length is known to change season- 
ally in some species (Gosler 1986), we detected no 
significant age-related differences (t-tests) in upper  
mandible length for adults captured repeatedly in dif- 
ferent years over a three-year period (0.18 -+ O.09,p = 
0.10, between second-year and after second-year adult 
males; 0.03 -+ 0.08, p = 0.3, between all adult males 
captured after one year). This indicates that such differ- 
entiai bill wear was not a biasing factor and is consistent 
with studies of other nectarivorous birds (Temeles & 
Roberts 1994). 

In contrast to bill-length changes in the i'iwi, no sig- 
nificant change in upper bill length was found in the 
apapane (old n = 45, X" = 16.5 mm; recent n = 38, 
X" = 16.5; one-tailed Mann-Whitney U-test, NS). This 
indicates that changes in bill length did not occur  in 
related species that did not undergo a dietary shift. 

Discussion 

An apparent change in i'iwi bill morphology over the 
past 100 years has numerous implications for evolution- 
ary and conservation biology. We first consider whether  
the change could result from genetic drift rather than 
selection, and then we  discuss the results in light of  the 
radiation of the Hawaiian honeycreeper  and questions 
germane to their conservation. 
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Figure 2. Trait distributions of  recent (a) and old 
(b) adult male i'iwt specimens and inferred evolu. 
tionary change in upper mandible length (c) esti- 
mated using the cubic splin~ The spline was estt. 
mated for  the character (solid line), with confidence 
limits (dashed lines) generated by bootstrapping in 
which the original data set was resampled 100 time~ 

Genetic drift could have lead to changes in bill size if 
the effective population size reached low levels during 
the past 100 years. Although i'iwis may have experi- 
enced historical declines, the Hawaii Forest Bird Survey 
(Scott et al. 1986) indicated that i'iwi occur  in a fairly 

continuous band around Mauna Kea and attain densities 
as high as 3200 birds/km 2 in the regions where  we mea- 
sured live birds. Furthermore, if cfi'ift caused the shift in 
upper mandible length, one might expect  other  charac- 
teristics to have changed. Yet only upper  mandible 
length, a character exhibiting a high heritability for most 
avian species (Cooke & Bucldey 1987), changed and it 
changed in the direction predicted by the hypothesis. 
Thus drift is unlikely to have accounted for significant 
genetic shifts in the population. 

Given their large number  of species and t remendous 
diversity of bill forms, Hawaiian honeycreepers  (Scott et 
al. 1986) represent the most spectacular example of 
adaptive radiation in birds (Amadon 1950; Freed et al. 
1987). All 29 extant or recently extinct  species of hon- 
eycreeper  (James & Olson 1991) are believed to have 
evolved from a single founding species (Johnson et al. 
1989). Honeycreepers  exhibit  a wide  range of  bill 
forms, from species with stout granivorous bills used in 
cracking seeds to ones with extremely long bills used in 
extracting nectar. Because i'iwis reach sexual maturity 
at approximately one year, we estimate that the appar- 
ent evolutionary change in bill size occurred  in approx- 
imately 100 generations. This suggests that honey- 
creeper  radiation may have been rapid following the 
arrival of the first founding populations, a result consis- 
tent with recent  biochemical studies (Johnson et al. 
1989) and field studies of another honeycreeper  show- 
ing rapid evolutionary change in bill morphology (Co- 
nant 1988). The shift in i'iwi bill morphology is also 
consistent with other  workers '  assertions of a coevolved 
origin of i'iwi bill and lobelioid f lower morphology 
(Peale 1848; Perkins 1903; Speith 1966; Scott et  al. 
1986). Recent fossil discoveries from the Hawaiian Is- 
lands (James & Olson 1991 ), however,  indicate greater 
avian species diversity in the last million years than had 
previously been believed. How these extinctions may 
have influenced the relationship between i'iwi and lo- 
belioids is unclear. 

The apparent straightening of the upper  mandible in 
modern  specimens may indicate that directional selec- 
tion acted on size, shape, or both. However,  the spline 
analysis suggests that directional selection acted primar- 
ily on individuals with the longest bills. This suggests 
that it is the longer-billed birds that, presumably due to 
lower feeding efficiencies on ohia, were  lost over  time 
as selection favored shorter and possibly straighter bills. 
If the selection hypothesis is correct,  then why did the 
upper mandible become shorter while the lower man- 
dible did not change? The upper  mandible shortened 
only 2-3% (Table 1 ). In live i'iwi, however,  the upper  
mandible extends past the lower mandible by 0.1-1.5 
mm (J. ~ Lepson, L A. Freed). A 0.5-mm decrease in 
upper  mandible length would thus be a substantial de- 
crease in bill overlap. To what extent  bill overlap affects 
feeding efficiency is unclear. Unfortunately, it is not  pos- 
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sible to c o m p a r e  over lap  b e t w e e n  o ld  and r e c e n t  birds 

because  cranial  kinesis in this species  inf luences  over-  

lap, and the  bill  was  no t  c losed  in many  m u s e u m  spec- 

imens. 

Ano the r  issue is w h e t h e r  a 0 .5-mm change  in bill 

length  cou ld  resul t  in large e n o u g h  p e r f o r m a n c e  differ- 

ences  to affect fitness. Recen t  research  o n  humming-  

b i rds  ( G r a n t  & T e m e l e s  1992;  T e m e l e s  & Robe r t s  

1993),  Darwin 's  Finches  (Gran t  & Grant  1993), and the 

f inch Pyrenestes  (Smi th  1993)  suggests that  bill-size dif- 

f e rences  in this range may  resul t  in significant differ- 

ences  in feed ing  p e r f o r m a n c e  and/or  fitness. The  ro le  of  

the  t ongue  in feeding,  the  eff ic iency of  i ' iwis feed ing  on  

different- length corol las  and on  ohia, and the  funct ional  

s ignificance of  the  over lap  b e t w e e n  uppe r  and l o w e r  

mandib le  w i t h  r e spec t  to  long d e c u r v e d  corol las  and 

o p e n  f lowers  wi l l  r equ i r e  fur ther  study. 

In sum, this s tudy highl ights  the  n e e d  for  cau t ion  in 

in te rp re t ing  p re sen t  b io t ic  pa t te rns  w i t h o u t  a historical  

perspec t ive .  Rapid evo lu t ionary  shifts can o c c u r  in re- 

sponse  to h u m a n - i n d u c e d  ex t inc t ions  and dec l ines  of  

nat ive  species.  Wi th  large changes  in c o m m u n i t y  struc- 

ture  b rough t  about  by the  acce le ra t ing  loss of  species,  

the  his tor ical  insight  that  can be  gained f rom m u s e u m  

co l l ec t ions  (Beiss inger  1986; Zink & R e m s e n  1986)  

may p r o v e  essent ia l  for  unde r s t and ing  the  p l ight  of  

t h r ea t ened  species  and the i r  conservat ion.  
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