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David Lack (1947, 1969) argued that in
terspecific competition for food has played
a significant role in the adaptive radiation
of Darwin's Finches. He regularly in
voked competition to explain morpholog
ical and distributional patterns in the
finches. An important example is the al
titudinal distribution of Geospiza difficilis
in relation to G. fuliginosa (Fig. 1). Low
elevation, dry islands in the Galapagos are
occupied by one of the two species, but
never both. Islands possessing a highland
vegetation zone may have both species but
here they are altitudinally segregated, with
G. fuliginosa occupying the lowlands and
G. difficilis the highlands. Lack noted the
morphological similarity of these finch
species and suggested that G. difficilis had
been excluded on low islands or altitudi
nally restricted on high islands through
competition for food by G. fuliginosa
wherever the species had come into con
tact. Bowman (1961), however, suggested
instead that the unique food requirements
of the two species and differences in food
supply among islands, once known, would
suffice to explain the pattern.

The ecology of these two species was
recently investigated over a calendar year
on Isla Pinta where they coexist (Schluter,
1982a, 1982b). Surveys conducted on this
island and on Islas San Salvador and Fer
nandina (unpubl. observ.) revealed that G.
difficilis and G. fuliginosa are not allo
patric as Lack believed. Their altitudinal
ranges overlap extensively year-round al
though they are not coextensive (Fig. 2).
Detailed observations of behavior and
abundance strongly suggested that inter
specific competition between them is pres
ently weak. Food supply was probably
limiting over part of the year, but inter
specific aggression (e.g., territoriality) was
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not observed, and their diets and feeding
positions were very different. The distri
butions and abundance of both species
along the elevational gradient on Isla Pin
ta could easily be interpreted as being de
termined by the availability of their dif
ferent foods.

The question of whether past competi
tion has influenced the distribution of G.
difficilis in relation to G. fuliginosa re
mains. Significantly, G. difficilis varies in
size and shape from island to island. For
example on Isla Genovesa the species re
sembles the missing G. fuliginosa (Lack,
1947;see also Grant, in press). Possibly G.
difficilis has adapted to exploit lowland
environments on islands without a high
land zone, and it is this lowland form
which cannot coexist with G. fuliginosa.
Observed differences in sympatry might
also be the result of past competition.
Lack's competition hypothesis is therefore
still consistent with the observed insular
distributions of these two species.

Here we report the results of a field study
which tested the argument that competi
tion has influenced the distributions on low
islands, against two alternative hypothe
ses based on Bowman's (1961) sugges
tions. We use information gained on diets,
density and food supply of G. difficilis and
G. fuliginosa on Pinta (Schluter, 1982b) to
predict attributes of the two species in al
lopatry. The three hypotheses make dif
ferent predictions, and these are tested
with field data. The allopatric populations
we used were G. difficilis on Genovesa
and G. fuliginosa on Marchena (Fig. 2).

HYPOTHESES

The Fixed Food Requirements hypoth
esis (FFR) is that distributions of both
species are determined by their different
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FIG. L Distribution of G. diffidlis (blackened
areas) in relation to G. fuliginosa (white) in the Ga
lapagos archipelago reported by Lack (1947). Dashed
lines delimit the ranges of three G. diffidlis subspe
cies. Geospiza diffidlis has gone extinct on Santa
Cruz, Santa Maria and San Cristobal, but is known
to be present also in the highland zone of Fernandina
(see Grant and Schluter, in press),

food requirements. These requirements are
assumed not to vary among different is
land populations of a given species. Re
quirements are expected to be absent from
islands where the species does not occur.
From this hypothesis we expect that the
diet, density, and food supply of each
species should be essentially the same in
allopatry and in sympatry. '

A second hypothesis, that of Variable
Food Requirements (VFR), also explains
the distributions in terms of the food re
quirements of each species. However these
requirements are not fixed, as in the above
hypothesis, but may vary among islands
because of local adaptation to different
food supply conditions. Thus, the distri
bution of each species is explained by the
distribution of a relatively wide range of
"suitable foods." The present extent of the
inter-island variation in food requirements
is assumed to be limited: to account for
allopatry on low islands the suitable ranges
for both G. juliginosa and G. difficilis are
assumed to be different. In contrast to
FFR, this hypothesis predicts that diet and
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FIG. 2, Approximate altitudinal ranges of G.fu
liginosa and G. diffidlis on three Galapagos islands.
Species ranges on Pinta were rescaled to correspond
to the altitudes given in Wiggins and Porter (1971)
(see Methods).
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density of a species may vary among is
lands. It also predicts that food supply of
islands where only G. difficilis is found
should differ from food supply on islands
where only G. fuliginosa is present. These
first two hypotheses (FFR and VRF) are
restatements of Bowman's (1961) argu
ments about the importance of food sup
ply in determining distributions (see also
Abbott et al., 1977).

The third hypothesis is that of compet
itive exclusion, i.e., that the distribution
of G. difficilis in relation to G. fuliginosa
is explained in part by competitive inter
actions (between the two species) and not
by food supply alone. Unlike the first two
hypotheses it predicts greater similarity in
allopatry than has been observed in sym
patry: on low islands where the food sup
plies should be quite similar, the feeding
behavior and density of the two species
should also be similar.

All three hypotheses are in agreement
regarding G. fuliginosa on Marchena: its
diet and density there should essentially
correspond to its diet and density in low
land sites on Pinta. We therefore include
Marchena information on this species only
as a check on the procedures. We use G.
difficilis data from Genovesa and food
supply data from all three islands to dis
criminate among the hypotheses, by
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TABLE 1. Dates offield study in 1979. In the text the dates are referred to by the months given in parentheses.

Season

Wet
Wet
Wet
Wet

Dry
Dry
Dry
Dry

Island

Pinta
Genovesa
Marchena
Pinta

Pinta
Genovesa
Marchena
Pinta

Dates

20 Jan.-28 Feb. (February)
3 Mar.-23 Mar. (March)

24 Mar.-16 Apr. (April)
26 Apr.-29 May (May)

9 Aug.-IS Sept. (August)
17 Sept.-3 Oct. (September)
4 Oct.-27 Oct. (October)

28 Oct.-3 Dec. (November)

No. study
sites

6
2
2
6

6
3
2
6

matching observations with the different
predictions.

METHODS

The study was conducted on Islas Pinta
(Abingdon), Genovesa (Tower) and Mar
chena (Bindloe) in the Galapagos Archi
pelago during both wet and dry seasons
(Grant and Boag, 1980) of 1979. On Pinta
six 1 ha study sites were established on a
transect up the southern slope. This tran
sect spanned Pinta's three major vegeta
tion zones: arid, transition, and humid
forest (Wiggins and Porter, 1971). In ad
dition, two sites of the same size were es
tablished on the south side of Marchena,
one near the coast and a second on a hill
side 3 km distant (170 m). On Genovesa
two 1 ha sites were established near Bahia
Darwin, in the same location of previous
investigators (Abbott et al., 1977; Smith
et al., 1978). A third site was added later
(Table 1). Altitudes of all sites were de
termined using a pocket altimeter. In the
case of Pinta these values were found to
contradict those published elsewhere (e.g.,
maximum altitude is reported as 777 m in
Wiggins and Porter [1971] yet we and Ad
sersen [1976] have recorded it as 650 m).
Except where indicated we use our own
values.

The sequence and duration of visits to
the three islands are shown in Table 1.
For convenience the dates are hereafter
referred to by the month which, in each
visiting period, included the majority of
days (Table 1). From January to May seed,
fruit, and arthropod availability were
highest, and finches were breeding

throughout most of this season. No breed
ing was observed from August to Decem
ber. At this time finches were probably
food limited, as suggested by decreases in
population sizes which corresponded with
declines in food supply (Schluter, 1982b;
see also Smith et al., 1978).

Three methods of censusing finch abun
dance were used. First, in the breeding
season territories of adult males were
mapped and counted to provide estimates
of breeding density. Second, relative den
sity within sites was assessed at each visit
by using mist net captures. Two nets were
used per site in February, and three nets
were used thereafter. Nets were unfurled
at dawn in each site and these remained
open for 2.1 h each, on each of two suc
cessive mornings. In the dry season (Table
1) a third technique was used, census by
observation, where all finches encoun
tered within 10 m of the observer along
predetermined transects in sites were re
corded. Results from netting and census
transects were correlated (r = .67, G. fu
liginosa; r = .64, G. difficilis; n = 12,
P < .05).

Diets were quantified on systematic
walks through sites by recording the
amount of time that finches spent feeding
on specific foods, up to a maximum of 300s
per individual. Observations were made
only on adult birds in the wet season. This
was done to avoid a possible bias: young
juveniles tended to be less efficient than
adults at handling certain food items, and
they often modified their behavior in the
presence of the observer. An exception was
made for G. difficilis on Pinta, where both
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TABLE 2. Finch distributions on Pinta in the early
wet and late dry season, 1979.

Total finch captures per net

G. difficilis G. .fuliginosa
Altitude

Site (m) February November February November

1 110 .0 .3 4.5 10.0
2 180 .5 .0 3.0 6.3
3 225 1.5 1.3 7.0 10.6
4 285 1.5 1.0 10.5 7.0
5 400 3.0 2.3 .5 24.3
6 510 1.5 1.7 .0 .7

juvenile and adult data were recorded.
This was necessary to allow diet descrip
tion for low altitude sites where adult G.
difficilis were uncommon. However there
was no indication of a bias in this case:
adult and juvenile diets were not different
in sites where both age groups were pres
ent. In the dry season adults and birds
born that year could not be distinguished
on the basis of diet or feeding efficiency,
and so all finches encountered were re
corded.

Food supply was assessed during all
visits. Twenty-five (occasionally 50) 1 m2

random quadrats were sampled per site,
and in each the percent cover of plant
species and the number of seeds, fruits and

flowers on the vegetation were deter
mined. In addition, exposed seeds were
counted and all litter and surface soil were
removed from the ground in two subquad
rats of 0.125 m2 total area. Seeds and in
vertebrates were later removed from the
litter/soil samples and litter volume was
measured. Dry weights of seeds and in
vertebrates were assessed in the labora
tory .

RESULTS

Fixed Food Requirements Hypothesis
The first hypothesis (FFR) explains the

distribution of G. dijficilis in relation to
G. fuliginosa by the distribution of species
specific food requirements. To account for
the presence of G. dijficilis on Genovesa
by this argument, we expect that sites there
are similar in food characteristics to those
areas on Pinta where this species occurs
commonly. The distributions of both
species on Pinta are compared in Table 2.
Over most of the year G. difficilis reached
its greatest density in the high-elevation
sites, and it was usually uncommon in the
lowlands. We thus expect sites on Gen
ovesa to be more similar to highland Pinta
than to lowland sites. Table 3 compares
some attributes of sites on these two is-

TABLE 3. Habitat characteristics of different sites on Pinta (P), Genovesa (G) and Marchena (M). Similarity
in the composition of seed-producing plant genera was computed using S(Jrenson's (1948) index. Values ;;;.
.50 are given in boldface. Litter volume is the average over all sampling dates (Table 1). Differences among
sites in litter and invertebrates were significant in all seasons (Kruskal-Wallis, P < .001).

Similarity Mean Density ground
No. litter invertebrates (mg/m')

Altitude Plant volume
Site (m) GI G2 G3 MI M2 PI Genera (11m') Wet season" Dry season

Gl 20 13 1.7 16.8 15.2
G2 20 .73 9 1.9 18.4 7.2
G3 10 .78 .84 10 2.6 14.4

Ml 10 .50 .42 .56 15 0.8 .8 13.6
M2 170 .40 .29 .45 .81 12 0.8 5.6 13.6

PI 110 .45 .36 .39 .55 .50 36 2.0 4.0 10.4
P2 180 .36 .30 .39 .52 .42 .72 31 2.3 8.0 9.6
P3 225 .38 .28 .36 .49 .43 .69 34 4.9 33.6 24.0
P4 285 .32 .25 .34 .35 .37 .59 31 6.8 33.6 41.6
P5 400 .24 .21 .20 .17 .25 .39 20 10.0 95.2 202.4
P6 510 .16 .06 .12 .21 .22 .27 24 8.3 54.4 290.4

a Gastropods were not sampled in thisseason and so are not included here.
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lands. Similarity values for the composi
tion of seed-producing plant genera in dif
ferent sites indicate that Genovesa is
considerably more similar to low-altitude

sites on Pinta in this measure than to high
altitude sites. Indeed Genovesa is most
similar to the lowest site on Pinta, where
G. difficilis is not common (Table 2) and
where it does not breed.

Geospiza difficilis consumed seeds in
all sites on Pinta, but the major constitu
ent of its diet year-round was inverte
brates, removed mainly from the litter (see
Fig. 4, and later). Table 3 compares sites
in litter volume and the density of ground
invertebrates. As shown, the litter on
Genovesa is very shallow. The majority
of the substrate there is bare rock, and
litter volume is as low as the barest sites
on Pinta. The density of ground inverte
brates is correspondingly low on Genov
esa, especially in the dry season. This con
trasts with a substantially greater litter
volume and ground invertebrate abun
dance at higher elevations on Pinta (Table

FIG. 4. Diet of G. dijJicilis (solid bars) and G.
fuliginasa (hatched bars) in lowland sites. Genovesa
values are unweighted averages of the proportion of
time spent feeding on the six foods in the two (wet
season) or three (dry season) grids. Pinta diets shown
are from May (wet season) and November (dry sea
son). Diet categories are berries/arils (B), pollen/nec
tar (P) and seeds (S, , Sg) and invertebrates (Iv, Ig)
from the vegetation and ground. Seeds on the vege
tation (Sv) include all seeds and fruits obtained from
the parent plant or exposed parts of it (e.g., fallen
flower heads). Exposed seeds on rock surfaces, or
seeds in the soil and litter are included in the ground
category (Sg).
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FIG. 3. The mean numbers of finches encoun
tered on census walks regressed on the density of
preferred foods on Pinta in the dry season. Dashed
lines delimit the 95% confidence region for Y-esti
mates. (A) Regression for G. dijJicilis on Pinta (A)
with points for this species on Genovesa (6) super
imposed. The independent variable refers only to
ground invertebrates. (B) Regression for G. fuligi
nasa on Pinta (e) with points for this species on
Marchena (0) and for G. dijJicilis on Genovesa (6)
superimposed. See Table 5 for definition of small
seeds.
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TABLE 4. Diet similarity between populations of finches. Diet items were classified into three categories:
(1) invertebrates, (2) seeds, and (3) pollen/nectar berries and arils. Similarities were computed using the
Renkonen-Whittaker index (Hurlbert, 1978). Values > .50 given in boldface. Comparisons involving G.
difficilisjYom Genovesa use an unweighted average of the diet proportions in two or three grids. Pinta diets
used are for May (wet season) andfor November (dry season). Island symbols as in Table 3.

G. difficilis (G) G. fuliginosa (P) G. difficilis (G)
VS. vs. vs.

Sites Season G. difficilis (P) G. difficilis (P) G. fuliginosa (P,M)

P1 Wet .63 .46 .72
P2 Wet .76 .69 .63
P3 Wet .72 .45 .61
P4 Wet .75 .55 .60
P5 Wet .54 .32 .55
P6 Wet .38
M1 Wet .75
M2 Wet .68

P1 Dry .21 .18 .94
P2 Dry .69 .63 .91
P3 Dry .27 .25 .93
P4 Dry .29 .28 .80
P5 Dry .10 .05 .72
P6 Dry .09
M1 Dry .82
M2 Dry .84

G. fuliginosa (M)
vs.

G. fuliginosa (P)

.98

.92

.90

.89

.86

.92

.91

.90

.76
.46

3). These results, together with plant sim
ilarity data, indicate that Genovesa is quite
different from sites on Pinta where G. dif
ficilis is most common. This contradicts
the FFR hypothesis.

From the FFR hypothesis, we also ex
pect the density of G. difficilis on Gen
ovesa to be determined by the same food
resources which predict the density of this
species on Pinta. This is tested using data
from the dry season, when food was most
likely to be limiting (cf. Smith et al., 1978;
Schluter, 1982b). Figure 3A compares the
abundance of G. difficilis in sites on Gen
ovesa in September to the regression of G.
difficilis density in Pinta sites on the abun
dance of its preferred food there, ground
invertebrates. The result indicates that in
two of three sites G. difficilis is signifi
cantly more abundant on Genovesa than
expected. In contrast, the dry season den
sity of Marchena G. juliginosa is quite ac
curately predicted by the Pinta food supply
regression for this species (Fig. 3B).

The comparison in Figure 3A is based
upon a regression which uses means from
the census transect data. Exactly the same

result was obtained using total captures by
mist-netting instead. Geospiza difficilis
breeding density (number of territories) in
the wet season on Genovesa was also
higher than expected in two sites when
compared with Pinta values using a sim
ilar analysis. In both cases values for G.
juliginosa on Marchena were close to the
predicted values from Pinta regressions.
In addition, when the comparison given
in Figure 3A was repeated including also
density of ground seeds (d. Fig. 4) the pat
tern was the same. These data contradict
the FFR hypothesis.

In a third test of the FFR hypothesis we
compared the diets of G. difficilis on Gen
ovesa and on Pinta. Table 4 lists the sim
ilarity in diets of these two populations in
a variety of sites. The proportion of time
that individuals spent feeding on the three
general classes of foods, seeds, inverte
brates, and pollen/nectar-berries/arils, is
compared in two seasons. As shown (Ta
ble 4), similarity between the different G.
difficilis populations was quite high in the
wet (breeding) season and low in most sites
in the dry season. In both seasons their
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FIG. 5. Use of invertebrates by G. dijjicilis and
G. fuliginosa in the dry season compared with avail
ability, relative to small seeds (see Table 5 for defi
nition). Diet refers to the amount of time spent feed
ing on invertebrates as a proportion of total time
spent feeding on invertebrates and seeds. Relative
abundance is the ratio of densities (mean dry weights)
of litter invertebrates to small seeds, scaled to a per
centage of the maximum value recorded. This ratio
could not be analyzed statistically, but heterogeneity
among the sites in the density of both litter inverte
brates and seeds is significant (Kruskal-Wallis, P <
.001). Pinta values are from November. Symbols are
G. difficilis on Pinta (A) and Genovesa (,0,), and G.
fuliginosa on Pinta (e) and Marchena (0).

figure shows that, while Pinta G. difficilis
consumed invertebrates more often than
seeds over most of the range of availabil
ities, on Genovesa the species selected
seeds. This was observed despite a com
parable relative availability (biomass) of
ground invertebrates there at that time.

The comparison in Figure 5 is based on
estimates of total biomass of food types
within sites. A similar result was obtained
using estimates of the abundance of
patches within which these foods are
found; patch abundance is often a better
predictor of diet than is total food biomass
(Schluter, 1982a). The frequency of ground
samples containing arthropods (a measure
of patch abundance) was very similar on
Genovesa (20-40%) and lowland Pinta (32
48%) in the dry season. Values were great
er in the Pinta highlands. The frequency
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diets were as dissimilar as diets of the dif
ferent species G. fuliginosa and G. diffi
cilis, in the same sites on Pinta.

The basis for these similarity values is
shown in Figure 4 in which we compare
diet proportions but further subdivide the
diet categories to reveal differences in for
aging position between the populations.
Only site 1 (110 m) for Pinta is given since
habitat similarity with Genovesa is great
est here (Table 3); however results are
similar when other sites are used.

Observe that this subdivision enhances
the differences between the two popula
tions of G. difficilis (Fig. 4). In most sites,
arthropods and gastropods removed al
most exclusively from the litter predomi
nated in the diet on Pinta year-round.
Seeds were also frequently taken from the
litter but only occasionally from the vege
tation. Fleshy parts of fruits (berries and
arils) and pollen and nectar were almost
never taken by G. difficilis on Pinta. In
contrast, G. difficilis on Genovesa was
more opportunistic and fed in a wider di
versity of ways (Fig. 4). Both seeds and
invertebrates (chiefly arthropods) were re
moved more frequently from the vegeta
tion, and pollen/nectar and berries/arils
were important diet constituents. Seasonal
trends also differed in the two popula
tions. In most sites on Pinta ground in
vertebrates became more important than
seeds in the diet in the dry season, whereas
the reverse was true on Genovesa. These
opposing trends largely account for the
sharp decline in diet similarity in the dry
season (Table 4).

Clearly the availability of different foods
affected the diets of all populations. Nu
merous examples of this are given in
Schluter (1982a, 1982b). However many
of the major diet differences between the
two populations of G. difficilis apparently
did not result from proximal responses to
differences in availability of foods. For ex
ample, Figure 5 compares the proportion
of arthropods and gastropods in the dry
season diet of G. difficilis with their avail
ability in the ground, relative to the diet
proportion and availability of seeds. The
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TABLE 5. Densities of foods important in the diet
of G. fuliginosa. Pinta and Marchena values refer to
densities in the two lowest sites on each island. Gen
ovesa values are averages over sites. Heterogeneity
among sites in the density of small seeds is significant
in both seasons (Kruskal-Wallis, P < .001). Inter
site variation in flower abundance is significant in
the dry season (P = .015) but not in the wet season
(P = .844).

Food supply

Small seeds Flowers
Island Month Season (mg/m2)' (NO.lM')b

Pinta Feb. Wet 426.6-254.8 O.CHl.O
Genovesa Mar. Wet 109.4 0.0
Marchena Apr. Wet 10.3-190.9 1.8--0.0
Pinta May Wet 542.8-659.0 0.0-1.0

Pinta Aug. Dry 27.1-66.5 0.4--Q.1
Genovesa Sept. Dry 9.4 0.8
Marchena Nov. Dry 5.0-6.2 2.7--0.0
Pinta Dec. Dry 23.9-35.1 2.6--0.6

a Includes seed species preferred by G. juliginosa on Pinta or Mar
chena. Genovesatotalalso includes Eragrostis cilianensis, a preferred
seed of G. difficilis there. Preferred seeds are defined as those whose
proportional representation in the diet was at least 1.5 times their
proportional (numerical) abundance in samples (cf. Abbott et al., 1977;
Scbluter, 1982b). This category includes all foods commonly eaten.

b Includes flower species used by G. juliginosa for nectar or pollen
on Pinta or Marchena.

of samples wherein small seeds were re
corded ranged from 16-72% in Genovesa
sites, and from 67-80% on Pinta (exclud
ing the highest site which had small seeds
in only 25% of the samples). Hence the
abundance of invertebrate patches rela
tive to the abundance of seed patches on
Genovesa was as high as in most Pinta
sites in the dry season. Nonetheless, G.
difficilis on Genovesa concentrated on
seeds, unlike the same species on Pinta
which ate mainly invertebrates (Fig. 5).

Differences in the types of invertebrates
available do not either fully account for
the diet differences; each order of arthro
pods encountered in the ground samples
on Genovesa was seen to be eaten by G.
difficilis on Pinta (gastropods are rare on
Genovesa, as in lowland Pinta sites).
Moreover the same result was observed
when we looked at nectar and pollen in
the diet and available in the habitat, rel
ative to ground invertebrates. On Pinta,
flowers yielding nectar or pollen were fre
quently more common than on Genovesa
(Table 5), yet G. difficilis exploited them

only on the latter island. These data in
dicate that the diet of G. difficilis varies
between the two islands to a degree not
proximally due to differences in food
availability. Consequently fixed species
specific food requirements do not appear
to exist in this species, and the FFR hy
pothesis is again contradicted.

Variable Food Requirements Hypothesis
The VFR hypothesis allows for some

unspecified variation in the food require
ments of a species on different islands, as
an evolutionary response to different en
vironments. Diet shifts evident in G. dif
ficilis on Genovesa may be interpreted in
this way. To explain the distribution of
this species in relation to G. juliginosa,
however, the argument supposes that
presently the bounds of this variation are
such that on low islands one species can
not survive where the other is found. This
would not be due to competitive exclu
sion, but rather to some deficiency in the
habitat. This hypothesis is tested by ex
amining the suitability of Genovesa for G.
juliginosa, and Marchena for G. difficilis.

Seed-plant composition in sites on
Genovesa, where G. juliginosa is absent,
is compared with that on Pinta and Mar
chena in Table 3. As noted before, simi
larity between sites on the first island and
lowland Pinta is high. This is true also of
the similarity between Genovesa and
Marchena, especially for the low altitude
site on the latter island. Indeed, similari
ties between Genovesa and Marchena and
lowland Pinta are as high as similarity be
tween PI, the lowest site on Pinta, and
P5, two sites where G. juliginosa is very
common in the dry season (Table 2). Con
sequently, at this level of analysis there is
little reason to suppose that Genovesa is
unsuitable for G. juliginosa. .

Also important is the amount of food on
Genovesa. On Pinta and Marchena the
major portion of the diet of G. juliginosa
was small seeds (Fig. 4). In the dry season
its density in study sites on Pinta was
closely attuned to the abundance of this
food (Fig. 3B; r = .84, P < .01). Nectar
was also important in the dry season, and
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this food source was exploited by G. fu
liginosa whenever it was available (Fig.
4). Table 5 shows the abundance of small
seeds and nectar-producing flowers on the
three islands. Seed supplies on Genovesa
were usually at least as large as those in
Marchena sites, and nectar supplies were
similar to those at lowland Pinta sites at
comparable dates. Sites wherein G. fuli
ginosa was common on the latter two is
lands frequently had lower nectar availa
bilities than Genovesa (e.g., this food was
absent from site 5 on Pinta year-round).
Therefore Genovesa does not appear to be
deficient in either of these important G.
fuliginosa foods.

Specific types of seeds and flowers on
Genovesa are also similar to those exploit
ed by G. fuliginosa elsewhere. The seed
of Croton scouleri was one of the most
abundant types 'on this island, and Tri
choneura lindleyana seeds were also com
mon. The first of these seed types was very
important in the diet of G. fuliginosa on
Marchena (32% of its seed diet in site 1),
and the second was highly preferred in
lowland sites on both this island and Pin
ta. Additionally, the predominant source
of nectar for G. fuliginosa on Marchena
and in some sites on Pinta was Waltheria
ovata; this was the most abundant nectar
yielding flower on Genovesa. The fleshy
aril of Bursera graveolens was another im
portant wet season food for G. fuliginosa
in lowland sites on Pinta and Marchena.
This food is also abundant on Genovesa
(unpubl. data; Abbott et al., 1977; Grant
and Grant, 1980).

Thus there is evidence that conditions
on Genovesa are suitable for the survival
of G. fuliginosa. Breeding requirements
also seem to be met. Seeds, caterpillars
and other arthropods (e.g., arachnids)
predominate in the diet of nestling G. fu
liginosa (unpubl. data); all these foods are
abundant on Genovesa in the wet season
(Table 5; Grant and Grant, 1980).

In addition we can identify nothing
unique about Genovesa that would ex
plain the presence of G. difficilis there but
its absence from other lowland islands. The
above results have shown seed-plant com-

position and litter volume are similar on
Genovesa and Marchena (e.g., Tables 3,
5). Moreover every species of seed, fruit
and flower that G. difficilis exploited on
Genovesa was present in Marchena sites
with only two exceptions, the seeds of He
liotropium angiospermum and Eragrostis
cilianensis. The first is not common or im
portant in the diet of Genovesa G. diffi
cilis (0-3% of diet; see also Abbott et al.,
1977; Grant and Grant, 1980), and the
second is unlikely to be a critical deter
minant of distribution since it is absent
also from Pinta. A related species, E.
mexicana, is present on Pinta, and eaten
by G.fuliginosa there, but it is ignored by
G. difficilis. These data contradict the
VFR hypothesis.

Competition Hypothesis

Lack's hypothesis explains the distri
bution of G. difficilis in relation to G. fu
liginosa as the result of interspecific com
petition. It assumes that G. difficilis has
adapted to local food conditions on low
islands, and suggests that the two species
cannot coexist on low islands because their
food requirements there are too similar.
The hypothesis assumes that food supply
conditions are similar on Genovesa, Mar
chena, and lowland Pinta, and this as
sumption is strongly supported by data
presented earlier (e.g., Tables 3, 5). The
hypothesis predicts that the allopatric
population of G. difficilis on Genovesa
should be similar in diet and density to G.
fuliginosa.

To test this we first compared the diets
of different populations of these species.
Table 4 lists similarity in diets between
Genovesa G. difficilis and G. fuliginosa in
Pinta and Marchena sites on three diet
categories. Similarity is high, as expected
from the competition hypothesis, espe
cially in the dry season. Similarity values
are comparable to those obtained when
different populations of one species, G. fu
liginosa, are compared (Table 4).

Figure 4 subdivides the diet categories
and illustrates the basis for the similarities
between the two species in allopatry.
Geospiza difficilis on Genovesa and G.



Availability influences the diet propor
tions observed, and Figure 6 indicates that
G. difficilis on Genovesa may respond in
a similar way to the relative abundance of
nectar-yielding flowers and small seeds as
G. fuliginosa does. In contrast, G. diffi
cilis on Pinta did not consume nectar in
any site (e.g., Fig. 4) These data strongly
suggest that G. difficilis has converged in
its feeding habits to G. juliginasa in a sim
ilar environment.

In a second test we compared the dry
season density of G. difficilis on Genovesa
with that expected for G. juliginosa on the
basis of food supply (Fig. 3b). In all three
sites G. difficilis occurs in approximately
the density predicted, as does G. fuligi
nasa on Marchena. In this comparison we
used census walk data; the result was sim
ilar when we used netting totals per site
instead. We also found that on Genovesa
the density of G. difficilis territories in the
breeding season corresponded to that ex
pected for G. juliginasa on the basis of
seed density. These data suggest that the
population density of G. difficilis on Gen
ovesa is determined by the abundance of
the same food type that determines the
density of G. juliginasa on Pinta and Mar
chena. The prediction of greater similarity
on a lowland island is therefore met and
the competition hypothesis is supported.

DISCUSSION

The results show that the feeding habits
of G. difficilis on Genovesa are quite dif
ferent from those of G. difficilis onPinta,
These differences do not appear to be
proximally caused by differences in the
relative availabilities of foods on the two
islands. Rather an evolutionary shift in diet
preference seems to have occurred, prob
ably as a response to the different food
conditions on Genovesa. Moreover, seed
plant composition of Genovesa appears no
more different from composition on Mar
chena than seed composition on Marchena
is from composition in lowland sites on
Pinta. All three islands provide similar
supplies of foods in the lowlands, and there
is no reason to believe that a lack of ap
propriate diet items has played a role in
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juliginosa on Marchena and Pinta concen
trated mainly on seeds in the dry 'season
and these were removed from both the
vegetation and the ground. Croton scou
leri was very important in the diet of G.
difficilis (26-45% of seed diet in the dry
season), as it was for G. futiginosa on
Marchena (see earlier). Invertebrates were
also obtained from the ground and vege
tation (Fig. 4).

Certainly the availability of inverte
brates and seeds will influence the diets
and hence the similarity observed. Figure
5 shows that G. difficilis on Genovesa re
sponds in much the same way that G. fu
liginosa . does elsewhere to the relative
abundance of these two foods, but G. dif
ficilis on Pinta does not. Geospiza diffi
cilis on Genovesa and G. juliginosa else
where also both feed on nectar, especially
from Waltheria ovata flowers (Fig. 4).

FIG. 6. Use of nectar and pollen by G.juliginosa
and G. dijficilis in the dry season compared with
availability, relative to small seeds (Table 5). Diet
refers to the amount of time spent feeding on nectar/
pollen as a proportion of total time spent feeding on
this and seeds. Relative abundance is the ratio of
density of nectar/pollen-producing flowers to the
abundance of small seeds, scaled to a percentage of
the maximum value recorded. Heterogeneity among
sites in the density of small seeds is significant (Krus
kal-Wallis, P < .001) and in the number of flowers
is nearly significant (P = .058). Pinta values are from
November. Symbols are G. dijficilis on Genovesa
(,0,.) and G. fuliginosa on Pinta (e) and Marchena
(0).
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shaping the presence/absence of G. diffi
cilis and G. fuliginosa on these islands. In
addition we see strong indication that G.
difficilis on Genovesa has converged in diet
on G.fuliginosa in a similar environment,
in the absence of this species. Presently the
best predictor of diet and density of G.
difficilis on Genovesa is the diet and den
sity of G. fuliginosa on other islands, and
not the diet and density of G. difficilis on
Pinta.

We conclude that the two hypotheses
based upon food requirements of species
and food characteristics of different is
lands do not account for the distribution
of G. difficilis in relation to G. fuliginosa
among Galapagos islands. The data are
consistent with Lack's hypothesis of inter
specific competition and we accept his as
the superior of the three alternatives in
vestigated.

Our interpretations do not critically de
pend on a detailed knowledge of the his
tory of ecological shifts in G. difficilis. We
do not have information to judge whether
the species has actually converged in al
lopatry with G. fuliginosa, diverged in
sympatry, or both. It is also difficult to
assess with the data the degree to which
competition with G. fuliginosa may have
effected these shifts. To test the possibility
of ecological character displacement or re
lease we require a highland zone with only
G. difficilis present, or a lowland island
with both species. Neither situation exists.
Nonetheless we have shown that G. dif
ficilis is capable of colonizing and adapt
ing to lowland islands where G.fuliginosa
is usually found. Our tests suggest that G.
fuliginosa has played a major role in re
stricting the number of islands presently
occupied by G. difficilis.

Our conclusions, largely about past
competitive exclusion between G. difficilis
and G. fuliginosa, are based on an inves
tigation of present-day characteristics of
islands and species. Experimental intro
ductions or manipulations of food supply
are alternative and more controlled ways
in which hypotheses about past events may
be tested (e.g., Grant, 1969; Hairston,
1980). Our study of the finches has not

been experimental because of limitations
in this system. The great mobility of these
birds would render introductions, on the
scale necessary for realism, impractical and
difficult to control. Nevertheless, we have
shown that a detailed field study has the
potential of choosing among alternative
hypotheses for a distributional pattern.

Our conclusions rest upon the assump
tion that the populations of finches have
been correctly classified by taxonomists.
Cross-breeding experiments have never
been conducted, so we have little way of
knowing whether the populations of G.
difficilis on Genovesa and Pinta are dis
tinct species or not. For this study, the
exact status of the different populations is
not critical, as long as G. difficilis popu
lations are more closely related to each
other than to G. fuliginosa. This seems
certain to be true (Bowman, 1961; Lack,
1969). Presently the populations of G. dif-
ficilis on Genovesa and Pinta are grouped
in the same subspecies (Fig. 1; Lack, 1947),
and recent behavioral work (Ratcliffe,
1981; Bowman, in press) has revealed that
the population on Genovesa shares char
acteristics in song structure with other G.
difficilis populations.

Recently another general hypothesis to
explain distributional patterns of birds in
the Galapagos has been suggested, that of
"randomness" (Connor and Simberloff,
1978; Strong et al., 1979). The basic ar
gument is that purely independent colo
nization and extinction rates for different
species will produce many of the patterns
which are presently seen and which have
been attributed to competition (see also
Simberloff, 1978). The authors have pre
sented several statistical tests in support
of their hypothesis, although these have
been criticized (Grant and Abbott, 1980;
Hendrickson, 1981).

We do not see "randomness" as a very
likely explanation for the distribution of
G. difficilis in relation to G. fuliginosa.
There are 25 islands without a highland
zone in the Galapagos (listed in Grant and
Schluter, in press); three of these have G.
difficilis populations only, 20 have G.fu
liginosa only, and two islands have nei-
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ther species. The probability of such an
arrangement (when three populations of
G. difficilis and 20 of G. fuliginosa are
placed randomly and independently on 25
islands) is small (P = .004). Undoubtedly
this figure is an overestimate, for why
should G. difficilis be found on only three
low islands to begin with? Poor colonizing
ability (Simberloff, 1978) is not the expla
nation since this species occurs in the low
lands on only the most isolated islands (Fig.
1), which are presumably the most diffi
cult to reach. For this reason, and because
the two species are very similar in allo
patry, we adhere to our conclusion that
the distribution of G. difficilis in relation
to G. juliginosa in the Galagapos is partly
a result of species interactions (interspe
cific competition), and it is not simply a
product of chance.

A final question we address is how did
the present pattern of occurrences arise?
Lack (1947) argued that G. difficilis was
probably an older species, on the basis of
a high degree of racial differentiation (Fig.
1) and primitive plumage characteristics.
He suggested from the distributional pat
tern that the more recent G.fuliginosa had
excluded G. difficilis from all low islands
where they had come into contact. This
explains the absence of the latter species
from all the central low islands despite po
tential source populations on some high
islands (Fig. 1). However, it implies that
the only reason G. juliginosa has not yet
excluded G. difficilis from the outer low
islands is that there has not been enough
time. Lack (1969) later changed his argu
ment on the basis of a few specimens of
G. juliginosa having been collected from
the distant island of Wolf (Fig. 1). He rea
soned that G. fuliginosa has probably
reached the outer islands frequently in the
past. To explain the absence of breeding
populations of G. juliginosa on the outer
islands he suggested instead that G. dif
ficilis was more of a generalist than G.
juliginosa and hence competitively supe
rior on the remote islands where resource
diversity is likely to be low. However, nei
ther the assumptions of G. difficilis being

the more generalist species nor the as
sumption of outlying islands providing a
very reduced diversity of foods is sup
ported by our data from Marchena and
Genovesa. Why, then, has G. juliginosa
not established a breeding population on
the outer islands? On the basis of the re
sults of our tests we suggest that the pres
ence of G. difficilis may make it difficult
for G. juliginosa to colonize, especially the
outer islands where immigrants would be
likely to arrive infrequently and in small
numbers. Thus distance may influence the
competitive process by determining the
rate of immigration of G. juliginosa, and
give G. difficilis an advantage on islands
it already occupies that are far from the
center of the archipelago. Conceivably a
combination of effects of distance and prior
occupancy similarly explains the appar
ently stable persistence of G. conirostris
on peripheral islands (Grant and Grant,
1982).

Our test may be of general significance.
Patterns of the kind investigated here have
been described for avian systems else
where (e.g., Bock, 1970; Terbough, 1971,
1973; MacArthur et al., 1972; Lack, 1973;
Diamond, 1975) and for many other taxa.
Competition for food is frequently cited as
an explanation for these patterns, but
rarely are food availability and diets stud
ied directly. We suggest that our method
of investigation has widespread applica
bility either as groundwork for later ex
perimentation, or as substitutes for exper
iments when these are not feasible.

SUMMARY

The two finch species, Geospiza diffi
cilis and G. juliginosa, are allopatric on
low islands in the Galapagos archipelago,
and they show a separation in their alti
tudinal ranges when they co-occur on is
lands with a highland zone. We tested
three hypotheses which explain this dis
tribution: 1) fixed species-specific food re
quirements (FFR) and island differences
in food supply; 2) variable food require
ments for different populations of the same
species (VFR), but distributional ranges
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limited by the unsuitability of certain is
lands; and 3) interspecific competition for
food, and competitive exclusion on low is
lands. Field studies conducted in the wet
and dry seasons on three Galapagos is
lands support the competition hypothesis.
Lowland sites on the different islands are
similar in vegetation, substrate character
istics and food supply. Food requirements
for G. difficilis vary on different islands,
and this species is similar in diet and den
sity with G. fuliginosa on the lowland is
land of Genovesa, where G. fuliginosa is
absent. We observed that the diet and
density of G. difficilis on Genovesa is pre
dicted by these same attributes of G. fu
liginosa on two other islands, Pinta and
Marchena, and not by the diet and density
of G. difficilis on Pinta. The results con
tradict the predictions of the FFR and VFR
hypotheses and we accept competition as
the best explanation for the distributional
pattern. We suggest that our procedures
might be fruitfully applied to investigate
the importance of the competitive process
in other animal communities.
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