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found in Europe-western Asia sites). In such cases I
used the site from one geographic region only. No bird
species occurred in more than one region, although a
few were common to different habitats within a region.
Four finch families were represented, and their fre-
quency by region is given in Table 2.

Community characteristics

I compared communities with respect to species
number and morphological traits. Morphological mea-
surements were taken from museum specimens, main-
ly at the American Museum of Natural History in New
York. Some additional specimens were measured at
the Museum of Vertebrate Zoology, University of Cal-
ifornia, Berkeley. For each species, five characters were
measured on 10 male specimens collected from sites
as close as possible to the locations used in the present
study. The characters are wing length, tarsus length,
beak length, beak depth, and beak width, all in milli-
metres. These were measured as described in Schluter
and Grant (1984a), except for beak width, which was
measured at the anterior end of the nares.

All characters were In-transformed and averaged
within species by locations. The five traits were then
reduced to two principal components using the co-
variance matrix from all species combined. The five
original variables load positively and roughly equally
onto the first component, PC1; therefore this is a gen-
eral size variable (Pimentel 1979). Four traits load onto
the second component, PC2: wing and tarsus length
positively, and beak depth and width negatively.
Therefore PC2 is a shape variable, specifically, body
size relative to beak stoutness. PC1 and PC2 account
for most of the variance among species (63 and 25%,
respectively), and hence PC3-PC5 were not used.

Four community variables are based on these mea-
surements: mean size (PC1), mean shape (PC2), and
standard deviation (sD) in size and shape. Including
species number, five variables were compared among
communities.

Statistical analysis

Similarity. —1 computed similarity indices, F, for
community morphology within habitat types using
standard ANOVA computations. For mean size (PC1)
and mean shape (PC2), F was based on the species
values. For standard deviations (sps), I used X(i) =
| Y(i) — M|, where Y(i) is the size or shape of species
i, and M is the median of Y(i) in the particular com-
munity. The comparison of mean squares based on the
variable X is a two-tailed Levene’s test for similarity
or differences in community mean dispersion (see
Schultz 1983). Significance levels were based on the F
distribution, but nonparametric tests (two-tailed Krus-
kal-Wallis) gave essentially the same results. Similar-
ities were not computed for species number, in the
absence of a suitable statistical model governing species
presence/absence.
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Convergence. —Significance levels in tests for con-
vergence of finch communities were based on standard
ANOVASs using community values as replicates. Both
one- and two-way analyses were performed, the first
including the factor habitat type, and the second in-
cluding both habitat type and geographic region. For
the four morphological variables I carried out both
weighted and unweighted ANOVAs in each case.
Weighting accounts for the fact that estimates of com-
munity morpology are computed from different num-
bers of species in the different communities, resulting
in different standard errors. Estimates of morpholog-
ical traits are weighted by the number of degrees of
freedom on which they are based: n for means, and
n — 1 for sps, where 7 is the number of species present
(e.g., Sokal and Rohlf 1981:407). An effect of this
weighting is that the index of convergence is more
strongly influenced by the characteristics of commu-
nities and habitat types with the largest numbers of
species. This effect is not always desirable, particularly
if one considers the observed values of the community
traits to be the true values, and not merely estimates
(e.g., Blondel et al. 1984). For this reason I present
results from both the weighted and unweighted anal-
yses.

Community standard deviations in size and shape
were In-transformed prior to analysis of variance (So-
kal and Rohlf 1981). Community values for number
of species, mean size, and mean shape were left un-
transformed. The resulting community values con-
formed reasonably well with assumptions of ANOVA,
but as a precaution, significance levels were checked
in all cases using randomization (Sokal and Rohlf 1981:
787). Randomization involved reassigning observed
community values randomly to habitat types 500 times,
maintaining the number of values in each habitat type.
The sum of squares within habitats (SSW) was com-
puted for each of the 500 combinations, providing a
null distribution for this variable (the total sum of
squares is constant). Significance is judged by the frac-
tion of SSW values lying below the observed quantity.
In the finch communities such randomization tests gave
essentially the same results as standard ANOVAs, and
only the ANOVA results are presented here.

Two communities were available from South Amer-
ican tropical open grassland (Table 1), and their char-
acteristics were similar. Since the two sites may not be
independent, I used the average of their characteristics
in tests of convergence. Results were similar when one
or the other community was used instead of their av-
erage.

RESULTS
Similarity
Finch communities within habitats tended to be more

similar in mean size (PC1) than expected by chance
(Table 3). F values in mean size were <1 in six of eight
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TasBLE 3. Similarity of finch communities within habitat types. Size is measured by PC1, shape by PC2.

F valuest
Mean SD
Habitat df Size Shape Size Shape
Tropical wet forest§ e S e e e
Tropical open grassland 3,14 0.42 4.91* 1.45 3.74%
Tropical savanna woodland 1,21 0.03 0.74 0.40 1.32
Tropical thorn steppe 2,15 0.06 8.74** 0.93 0.48
Mediterranean scrub 4,15 0.24 2.24 0.48 0.13
Warm temperate desert 1,11 0.69 0.01 3.26 0.05
Warm temperate grassland 1,8 1.47 6.64t1 0.10 0.20
Cold temperate desert 1,3 3.21 0.89 0.74 0.03
Temperate deciduous woodland 1,3 0.38 1.13 1.11 0.03
Combined 14,90 0.28** 2.88** 0.83 0.85

tP<.10,*P < .05, ** P < .01, two-tailed F tests.

f Values are for the ratio of mean squares between and within communities. df are the number of degrees of freedom in

the numerator and denominator, respectively.

§ Two sites are available for tropical wet forest (Appendix), but one of these has no finch species.

comparisons, although none was significant (P > .10).
Significance levels from the different habitats can be
combined in an overall F test, assuming that the in-
dividual tests are independent. This assumption is rea-
sonable, since values of mean size from different hab-
itats in the same geographic region are uncorrelated
(see Historical Effects). The combined F was computed
asin a nested ANOVA, with communities nested with-
in habitat types, using the individual species values as
replicates. The resulting F value was small (0.28) and
highly significant (P = .009), indicating strong simi-
larity in mean finch size of communities within habitat
types (Table 3).

A different result was observed for mean finch shape
(PC2), where communities tended to be different (Ta-
ble 3). Five of eight F values exceeded 1, and three of
these were significant at level .10. One F value was
very small (warm temperate desert), but not significant.
F was large (2.88) when the different habitats were
combined in an overall test, indicating significant dif-
ferences in mean finch shape of communities within
habitats.

Communities were not consistently different or sim-
ilar in standard deviation of size and shape (Table 3).
One F value for sp of shape was significant at the .10
level, but F values computed from the combined data
were not significant for either variable (P = .63 and
.60, respectively).

Convergence

Species number was significantly convergent (Table
4), as illustrated by a conspicuous relationship between
mean number of species and habitat type (Fig. 2).
Number of species was highest in tropical savanna
woodland sites in Africa and South America, while
values were lowest in tropical wet forest, in cold desert,
and in temperate deciduous woodland. Average num-
bers of species in other habitats were intermediate,
ranging between four and six species. Number of species

was highly variable between sites in two of the habitats,
tropical thorn steppe and mediterranean scrub.

Mean finch size (PC1) was also strongly convergent
(Table 4). In this analysis 77% of the observed vari-
ability among communities was among habitat types.
The largest value for mean size was observed from a
single community in tropical wet forest (Fig. 3). Large
average values were also recorded from another forest
habitat, temperate deciduous woodland, and from cold
temperate desert and mediterranean scrub. Smallest
values of mean size were observed from sites in tropical
savanna woodland, tropical thorn steppe, and warm
temperate grassland.

Convergence in mean finch shape (PC2) was detected
(Table 4), even though communities within habitats
were significantly different in this variable (Table 3).
This result supports the earlier conjecture that simi-
larity measures may be misleading as a criterion for
community convergence. sD of shape was also signif-
icantly convergent, with habitat type explaining at least
55% of the variation among finch communities. No
significant convergence was detected in sp of size, al-
though C values were quite large (P = .06).

Historical effects

Certain aspects of finch communities might be pe-
culiar to geographic regions, owing to differences in the
phylogenetic origin of finch species present (Table 2)
and their biogeographic history. Some regional effects
are suggested in Fig. 2: Australia and southeast Asia
are slightly depauperate in finches in several habitats.
Table 5 summarizes the statistical effects of habitat (C)
and geographic region (H) on the five community vari-
ables. Design in both weighted and unweighted anal-
yses was a two-way fixed effects ANOVA (cf. Eq. 3),
with a single community value per available treatment.
With this design it is not possible to test for interactions
between habitat and region; interactions are included
instead in the error term.
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C values in all traits were somewhat lower in the
two-factor model than in the earlier analysis where
habitat type was the single factor (Table 5). Upward
biases in estimates of convergence when geographic
region is not included are a consequence of an asso-
ciation between habitat type and geographic region
(Table 1). For example, while temperate oak woodland
sites were available from North America and Europe,
tropical savanna woodland sites were from Africa and
South America. The association between factors causes
some of the effects of geographic region on the com-
munity trait to appear as effects of habitat type, when
region is not included in the model. This problem would
not be corrected simply by a more complete sampling
of regions and habitats (Table 1), because climate and
habitat types are generally different between regions.
The inevitability of associations between habitat and
region illustrates another advantage of the ANOVA
approach: as in regression, ANOVA can tease apart
the separate influences of the different factors.

Though lower, C values for number of species, mean
size, and sD shape remained large and significant (Table
5), supporting the hypothesis of convergence. Each of
these traits was more strongly affected by habitat than
by region. This was particularly true of mean size, where
habitat explained >60% of the variation among com-
munities, and where the effect of geographic region was
negligible. Small effects of region may have been pres-
ent in number of species and sp of shape (Table 5), but
these are not significant with my sample sizes. Like
number of species, SD of shape tends to be low in the
region of Australia-southeast Asia.

A different situation held in mean finch shape (PC2),
where the effect of geographic region was dominant
(Table 5). Convergence was also detected, although the
habitat effect was significant only in the unweighted
analysis (P = .06 in the weighted analysis). The strong
effect of geographic region implies that substantial dif-
ferences between continents in mean finch shape are
maintained regardless of habitat type. Such a pattern
is indicated in Fig. 4. For example, values for mean
shape in Australia-southeast Asia are low and do not
overlap with those from other regions. Finch com-
munities in this region are dominated by the Estril-

TaBLE 4. Convergence among communities of finches. Size
and shape are as measured by PC1 and PC2, respectively.
C can vary between O and 1, where 1 indicates complete
convergence.

Convergence index (C)

Community variable Unweighted Weighted
No. species 0.54* B
Mean size 0.77*** 0.7 7%***
Mean shape 0.42* 0.43*
sD of size 0.43 0.42
sD of shape 0.55* 0.57*

*P < .05, %P < .001.
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Fic. 2. Finch species number in relation to habitat type.
Solid line connects average values of the different habitat
types. Symbols indicate communities from different geo-
graphic regions: ® North America, O Central and South Amer-
ica, + Europe and western Asia, A Africa, and B Australia
and southeast Asia. Habitat types named in full in Table 1.

didae, which characteristically possess a small body
size relative to stoutness of the beak (e.g., Goodwin
1982).

Standard deviation in finch size was not significantly
convergent (Table 5). However, C values were positive
and quite large (P = .09 and .07 for unweighted and
weighted analyses, respectively), suggesting that some
convergence may nonetheless be present in this vari-
able.

DiscussioN
Procedure

The components of variance approach suggested here
for testing convergence has some advantages over other
indirect tests. First, it provides a quantitative measure
of convergence, C. This measure allows succinct com-
parison of the degree of convergence in different com-
munity variables, variables which might otherwise be
incommensurate (e.g., mean finch size and number of
finch species). The measure would also allow compar-
ison of convergence patterns between different studies
and study organisms on a similar scale.

Second, while some studies have compared com-
munities of a given habitat type to alternate commu-
nities in other habitats (Fuentes 1976, Mares 1976,
Orians and Solbrig 1977, Cody and Mooney 1978,
Blondel et al. 1984), usually only one or a small number
of alternate communities has been used. Here, ANO-
VAs essentially compare communities of each habitat
type with many alternate communities, and the results
are less dependent on the choice of alternates. Indeed,
a representative sample of communities and habitats
is essential for the ANOVA method when degree of
convergence is estimated.
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FiGc. 3. Mean finch size (PC1) in finch communities in
relation to habitat type. Solid line connects average values of
the different habitat types. Habitat types named in full in
Table 1; symbols as in Fig. 2.

Third, the criterion for convergence based on com-
ponents of variance is more powerful than previous
ones. For example, Blondel et al. (1984) employed the
criterion that all communities within a habitat type
should be more similar to each other than any is to
communities in a different habitat type. It can be shown
that C must be at least 0.78 to satisfy this criterion. A
relaxed version of this criterion, one demanding only
that variance within habitats be less than the variance
between habitats (e.g., Fuentes 1976), still requires that
Cexceed 0.50. Clearly, in many situations convergence
will be present, as indicated by a significant value of
C, yet other criteria will not detect it.

Fourth, the ANOVA method allows us to consider
quantitatively factors other than habitat type that might
determine value of the community variable. Even if
these other factors are not directly of interest, failure
to consider them may lead to biased estimates of con-
vergence (i.e., Table 4). Previous authors have noted
that the effects of similar habitat type may be difficult
to distinguish from those of similar phylogenetic origin
(e.g., Blondel et al. 1984). In many situations the pres-
ent method will be the appropriate one for identifying
the separate roles of these two factors.

But like other approaches, the ANOVA method pro-
vides only an indirect test of convergence, and as a
result it possesses inevitable shortcomings. First, though
convergence is detected as differences among habitats
in average community value (Fig.1B), the same habitat
effect could result from a wide range of initial differ-
ences between ancestors (Fig. 1A). C can therefore un-
derestimate the amount of true convergence that has
occurred. This problem is most severe when differences
between habitats in the optimum value for the com-
munity character are small.

Second, the procedure assumes that habitats of the
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same type in different geographic regions are identical
in their effect on the characters of interest. Departures
from this assumption are likely, producing a greater
variance among communities within a habitat type,
and a corresponding underestimation of convergence
using C. If geographic regions are consistently different
in some ecological features (e.g., if continents differ in
all habitats in the types of foods or competitors pres-
ent), then H may be similarly inflated.

Third, the ANOVA approach provides an overall
test of convergence, but it does not address events in
any particular habitat type. Communities may be more
similar in some habitats than others, but we cannot
test whether they are “more convergent’ in some hab-
itats without a knowledge of ancestral conditions.

Finally, the magnitude of C will be influenced by the
range of habitat types investigated, and their scale of
definition. For example, results of analyses comparing
different habitat types will differ from results when
microhabitats within a given habitat type are compared
instead. Similarly, results may depend on the taxo-
nomic diversity of species considered, in effect the vari-
ability of k(). This sensitivity to characteristics of the
independent factors is not necessarily a weakness; by
conducting many tests, it should eventually be possible
to delimit for different groups of organisms the habitat
and taxonomic conditions under which convergence is
observed.

Finch communities

Despite potential shortcomings of the method, finch
communities of different geographic regions were found
to be convergent in similar habitats to a considerable
degree. A substantial fraction of the worldwide vari-
ability in three of five community variables (number
of species, mean size [PC1] and standard deviation in
shape [PC2]) could be attributed to an effect of similar
habitat type. Mean shape was also slightly convergent,
and convergence of the fifth trait, standard deviation
in size, was nearly significant. This pattern was ob-
served even though no species were common to the
same habitat type in different geographic regions (in-
deed, species were usually of different genera and fam-

TaBLE 5. Convergence index (C) compared with effects of
the historical or geographic region variable (/). Both C and
H can vary between 0 and 1. Values of 1 indicate, respec-
tively, complete convergence and complete dominance of
historical/regional effects.

Community Unweighted Weighted
variable C H C H
No. species 0.30* 0.13 e e
Mean size 0.62** 0.02 0.61** 0.00
Mean shape 0.28* 0.40** 0.23 0.31**
sD of size 0.27 0.09 0.32 0.07
sD of shape 0.47* 0.08 0.48* 0.09

*P < .05,* P < .0l
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ilies), and different habitats in the same geographic
region may have shared the same or closely related
species. A significant effect of geographic region was
also detected in one of the five community traits, mean
shape.

Finch community similarity was not a reliable in-
dicator of community convergence, although the two
measures were partly related. Finch communities with-
in the same habitat type were significantly similar for
the most convergent variable, mean size. However,
communities within the same habitat type were sig-
nificantly different in mean shape, yet were also slightly
convergent in this trait. Communities were neither sig-
nificantly different nor similar for sp of shape, another
strongly convergent trait.

Convergence as defined here indicates a predictive
relationship between habitat type and the value of the
community variable. In the finches, the precise causes
of such relationships are as yet unknown. If other avian
studies are a guide, then finch species diversity and
morphological variation (sp of shape and possibly SD
of size) may be associated with diversity of resources
in habitats (e.g., Recher 1969, Roth 1976, Abbott et
al. 1977, Schluter and Grant 19845). Mean morphol-
ogy (size and shape) of finches present might be as-
sociated with between-habitat variation in available
food size or food position (Abbott et al. 1977, Schluter
and Grant 19844, b). For example, an effect of seed
size on mean body size (PC1) is suggested in Fig. 3:
mean finch size tends to be small in habitats dominated
by grasses (e.g., tropical open grassland, tropical sa-
vanna woodland, and warm temperate grassland), and
forest species are often relatively large. Field studies
are necessary to determine whether such hypothesized
associations are actually present.

The importance of interspecific interactions in de-
termining convergence patterns would be more difficult
to assess. Conceivably, convergence in most traits has
resulted solely from individual convergence—species
responding independently to resources. Convergence
in species number would seem to require interactions
at some point in the process of speciation and colo-
nization, but alternative models have not been inves-
tigated.

However, results from similarity analyses suggest that
interactions have been important, at least in one case.
Significant similarity overall in mean size indicates a
negative correlation in size between species within
communities. This correlation in turn implies that body
sizes of species within communities are more widely
spaced than expected from a random assortment mod-
el. Possible interactions that might produce this pattern
include competition between species of similar size,
and mutualism between species of different size. The
latter hypothesis is made somewhat plausible by ex-
perimental studies indicating indirect mutualistic ef-
fects of granivorous rodents on ants (Davidson et al.
1984) and possibly finches (D. B. Thompson, personal
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FiG. 4. Mean finch shape (PC2) in finch communities in
relation to habitat type. Solid line connects average values of
the different habitat types. Habitat types named in full in
Table 1; symbols as in Fig. 2.

communication), although it is unclear whether differ-
ent finch species could have such effects on each other.

Finches of the different geographic regions have part-
ly different origins and biogeographic histories. It is
instructive, therefore, to contrast the effects of region
with effects of habitat type on the individual com-
munity variables. The most interesting contrast is be-
tween (1) mean size, mainly an effect of habitat, and
(2) mean shape, strongly affected by region. The reason
for this difference is not clear, but it may be related to
the generally greater ease with which size (PC1) re-
sponds to natural selection, a consequence of positive
correlations between morphological characters (Boag
1983, Grant 1983, Price et al. 1984, Schluter 1984, D.
Schluter and J. N. M. Smith, personal observation). Or,
alternative morphological solutions to given habitat
characteristics may exist for finch shape (PC2), and the
one adopted is largely a matter of phylogenetic history.
Third, it is possible that differences between regions
result not from historical constraint, but from consis-
tent differences between regions in characteristics of
the resources available in habitats. This third hypoth-
esis is testable with field studies; it would be rejected
in favor of the first or second hypothesis, if finch species
of identical size from different regions have the same
feeding habits despite differences in shape. Such a result
is made plausible by Fuentes’ (1981) observation that
mediterranean lizard communities are more conver-
gent in habitat utilization than morphology.

Finally, since finches are only a component of a larger
community of granivores, differences between com-
munities in the same habitat type might be attributable
in part to species not included in the analysis. No data
are available to test this hypothesis, although Australia
provides one suggestive example: low relative finch
species diversity there is associated with a large radia-
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tion of parrots in similar habitats, many of which are
similar in diet and body size to finches (e.g., Fry 1983).
Similar procedures to those used for the finches could
be used to investigate such patterns in greater detail
for the larger communities of granivores.
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Species lists and habitat types. Species names follow Morony et al. (1975).

Lowland Tropical Wet Forest

Costa Rica
(Orians 1969)

Pezopetes capitalis
Atlapetes brunneinucha
Arremon aurantiirostris

Lowland Tropical Open Grasslands

Sarawak
(Fogden 1972)

Brazilian campo, Mato Grosso
(Fry 1970)

Tiaris fuliginosa
Sporophila albogularis
S. leucoptera
Ammodramus humeralis
Emberizoides herbicola

Venezuelan llanos
(Thomas 1979)

Spiza americana
Sicalis flaveola
Ammodramus humeralis

Tropical Savanna Woodland

Fly River, S. New Guinea
(Rand and Gilliard 1968)

Neochmia phaeton
Lonchura leucosticta
L. nevermanni

L. stygia

N. Ghana, Mole Park
(Greig-Smith 1976)

Euplectes afer

E. hordeaceus

E. orix

E. melpoda
Uraeginthus bengalus
Lonchura cucullata

Brazilian cerrado, Mato Grosso
(Fry 1970)

Saltator similis

Volatinia jacarina
Sporophila plumbea

S. caerulescens

S. bouvreuil

Oryzoborus angolensis
Charitospiza eucosma
Coryphospingus cucullatus
C. pileatus

Zonotrichia capensis

Tropical Thorn Steppe

Guinea savanna, N. Ghana
(Fry 1966, Greig-Smith 1976)

Emberiza tahapisi

E. affinis

Serinus gularis

Ploceus luteolis
Euplectes macrourus
Plocepasser superciliosus
Petronia dentata

Vidua chalybeata

V. orientalis

Pytilia phoenicoptera
Lagonosticta nigricollis
L. rufopicta

Brazil caatinga

(T. E. Lacher, personal communication,

J.W.

Fitzpatrick, personal communication)

Passerina cyanea
Sporophila nigricollis

S. lineola

Sicalis flaveola
Arremon taciturnus
Volatinia jacarina
Zonotrichia capensis
Paraoria dominicana
Coryphospingus pileatus

Tanzania
(Moreau 1935)

Uraeginthus bengalus
U. ianthinogaster
Ploceus velatus
Serinus atrogularis
S. donaldsoni

Pytilia melba
Estrilda charmosyna
Vidua hypocherina

W. Australia
(Pianka and Pianka 1970)

Poephila guttata
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Mediterranean Scrub

California chaparral
(Cody and Mooney 1978, Weathers

1983, D. Schluter, personal observation)

Chile matorral
(Cody and Mooney 1978)

Pipilo erythrophthalmus
P. fuscus

Carpodacus mexicanus
Carduelis lawrencei
Junco hyemalis
Zonotrichia leucophrys
Z. iliaca

Zonotrichia capensis
Diuca diuca
Carduelis barbata

Sardinia macchia
(Cody and Mooney 1978)

South Africa Protea-fynbos

(Winterbottom 1966, Cody and Mooney 1978)

Serinus canicollis
S. sulphuratus
Euplectes capensis
Ewmberiza capensis

Fringilla coelebs
Carduelis carduelis
C. chloris

Serinus serinus

Australia mallee
(Schodde 1981)

Warm Temperate Desert

Poephila guttata
Emblema guttata

Sonoran desert, California
(Weathers 1983, D. Schluter,
personal observation)

Monte desert, Argentina
(G. H. Orians, personal communication)

Carpodacus mexicanus
Ammodramus sandwichensis
Zonotrichia leucophrys
Amphispiza belli

A. bilineata

Spizella breweri

Warm Temperate Grassland

Saltator aurantiirostris
Zonotrichia capensis
Poospiza melanoleuca
P. ornata

P. torquata

Diuca diuca
Saltatricula multicolor

Sonoita plains, Arizona
(Pulliam and Brand 1975,
Pulliam and Mills 1977)

Pampas, Buenos Aires
(Narosky 1978)

Ammodramus savannarum
A. bairdii

A. sandwichensis

Poocetes gramineus
Calcarius ornatus

Cold Temperate Desert

Zonotrichia capensis
Sicalis flaveola

S. luteola
Ammodramus humeralis
Sporophila ruficollis

Patagonia, Santa Cruz
(Meyer de Schauensee
1966, Johnson 1967)

Kazakhstan-Dzungarian desert
(Harrison 1982)

Melanodera melanodera
Zonotrichia capensis
Sicalis lebruni

Plectrophenax nivalis
Calcarius lapponicus

Temperate Deciduous Woodland

Oak forest, Oregon
(Anderson 1970)

Oak forest, England
(Lack and Venables 1939)

Carpodacus mexicanus
Pipilo erythrophthalmus
Junco hyemalis

Fringilla coelebs
Pyrrhula pyrrhula






