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The relationship between island biogeography and the vulnerability of island biota to
extinction as a result of human activities was examined. In particular, this study
analyzed whether island area, maximum elevation of an island, isolation from the
nearest continental landmass, or date of human colonization had statistically significant relationships with the proportion of endemic island bird species that have
become endangered or extinct. The study examined islands or island groups with
endemic bird species, and which have never been connected to a continental landmass. Both modern and fossil bird species were incorporated into the analysis.
Islands that were colonized by humans earliest had the lowest proportion of modern
species alone, and modern and fossil species combined, that have gone extinct.
However, date of human arrival was not correlated with the proportion of modern
species that are endangered. Maximum elevation of an island was negatively correlated with the proportion of modern species that are extinct, and was positively
correlated with the proportion of modern species that are endangered. Area was
negatively correlated with the proportion of modern species that are endangered.
Isolation of islands was not significantly correlated with the proportion of modern
species extinct or endangered, but was positively correlated with the proportion of
modern and fossil species combined that have gone extinct. These results indicate
that the initial spasm of island bird extinctions due to human contact may have, in
part, passed. They also indicate that bird species on islands colonized earliest by
humans may have had more time to adapt to the presence of man and his commensal
species, resulting in reduced extinction rates.
E. Biber (eric.biber@aya.yale.edu), Yale School of Forestry and En6ironment Studies,
205 Prospect St., New Ha6en, CT 06511, USA.

The theory of island biogeography, as initially developed
by MacArthur and Wilson (1963, 1967), assumes that the
size of the species pool from which immigrants are drawn
and extinctions can occur is constant – i.e., that no
speciation occurs on the islands that are colonized from
the ‘‘mainland.’’ Yet, islands throughout the world (e.g.,
the Galapagos, Hawaii) are famous for their collections
of unique endemic species that scientists believe speciated
from a few immigrants from a distant mainland (e.g.,
Givnish 1998, Grant 1998). One explanation for this
process of speciation is that new immigrants have
adapted to exploit untapped ecological resources
throughout the remote island in the absence of less vagile
mainland competitors (Givnish 1998, Grant 1998).

These endemic island species, however, are often the
species that are of greatest conservation concern today
(Johnson and Stattersfield 1991, Stattersfield et al.
1998). Island species, because they have evolved in an
environment protected by isolation from competition
from continental species, and in ecosystems unaffected
by continental herbivores and predators, are often extremely vulnerable to the introduction of species
through human contact (e.g., Diamond 1991). Island
species also may be vulnerable to extinction caused by
hunting pressures or habitat destruction due to their
small population sizes, in turn a result of the limited
size of the island habitat that they occupy (e.g., Pimm
et al. 1988).
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The purpose of this paper is to explore the interaction between island biogeography and the process of
endemic speciation on islands by analyzing whether
endemic species are more vulnerable to endangerment
or extinction on more remote islands. Island biogeography predicts that more remote islands will have fewer
immigrant species, due to their isolation. The lack of
immigrant species may mean that the species that do
arrive on remote islands have a greater number of
unoccupied niches to fill, increasing the possibilities of
adaptive radiation and thus increasing the number of
endemic species on the island. Because there are fewer
immigrant species arriving on a remote island, endemic
species that have developed on that island will have less
competition and less predation pressure and therefore
may be more vulnerable to extinction once human
contact introduces mainland competitors and such
common human commensal predators and herbivores
such as rats, goats, pigs, cattle, cats, and dogs.
Therefore, the hypothesis is that more remote islands
will have endemic species that will be more vulnerable
to extinction – i.e., the greater the isolation of an island
group, the higher proportion of endemic bird species
that will be extinct (or threatened with extinction). This
paper tests this hypothesis by using data from the
distribution of endemic island bird species and patterns
of endemic island bird extinctions.
While several previous investigators have examined
whether more isolated islands are more likely to have
endemic bird species (Hamilton and Rubinoff 1963,
Mayr 1965, Adler 1992, 1994), none have looked at
whether endemic species are more vulnerable to endangerment or extinction on more remote islands.
There are three important additional factors to be
considered in any analysis of speciation, extinction, and
isolation. One is area; the species-area relationship examined by MacArthur and Wilson (1963, 1967) holds
that increased area will result in an increased number of
species. In the context of islands, increased area may
result in an increased diversity of habitats which provides an increased opportunity for speciation. With
increased numbers of species on a large island, there
may be increased competition among the endemic species, which may make those species less vulnerable to
the threats of extinction by human contact. Also, larger
area islands may potentially have larger areas of habitat, which in turn would allow for larger populations
for endemic species, which should reduce the risk of
endangerment or extinction (Diamond 1984, Pimm et
al. 1988). Thus, we can tentatively predict that larger
islands may have a lower proportion of endemic species
that are extinct or endangered due to human contact.
Second is the ecological diversity of an island. The
greater the ecological diversity the more potential there
is for speciation in an island. Greater ecological diversity could lead to endemic species that are more vulnerable to extinction or endangerment, because there may
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be a higher number of very restricted-range species
dependent on specific ecosystems within the island.
Elevation was used as a rough proxy for ecological
diversity.
The third factor that has not been previously considered statistically is the date of human colonization of
an island. Human colonization is associated with a
substantial and dramatic impact on the native bird
population, as shown by fossil records (Milberg and
Tyrberg 1993). Thus, if human colonization has occurred before historic records and collection of bird
specimens began, the data on modern endemic bird
species and extinctions will significantly underestimate
both the number of endemic species and the impact of
humans on those species (Pimm et al. 1994). Moreover,
the more remote an island, the more recently human
colonization is likely to have occurred. Thus, more
remote islands are likely to have more endemic species
remaining today, and they are more likely to have had
extinctions that were recorded historically, as well as
more bird species that have been recorded (Pimm et al.
1994). Therefore, the historic pattern of human colonization may be an alternative explanation for any
pattern of greater endemism and higher rates of endemic extinctions found on more remote islands. Indeed, paleoecological studies of bird fossils on islands
have already revealed that historic patterns of endemism and distribution of island species are often
relics of past human activities and human-caused extinctions (Steadman 1997). This paper is the first to
attempt to account for the importance of the date of
human colonization, and thus adds historical analysis
to the geographic work of Adler and others. If the
hypothesis just described holds true, islands with more
recent human contact would have a higher proportion
of their endemic bird fauna extinct.

Methods
Birds were selected as the taxon for study in this paper
because they are among the scientifically best known
and best studied taxa, minimizing the possibility that
omissions of species due to the lack of research on
remote islands would skew the results. Collection effort
and the current status of knowledge of a species can
have a significant impact on the study of endemic
speciation patterns (Cowie 1995). Data on endemic bird
species are also relatively well-compiled and easily accessible from the work of Stattersfield et al. (1998)
identifying Endemic Bird Areas of the World (EBAs),
areas which encompass the overlapping breeding ranges
of bird species such that the complete ranges of two or
more restricted-range ( B 50 000 km2 historic range)
species are entirely included within the EBA.
ECOGRAPHY 25:6 (2002)

The islands included in the study were limited to
oceanic islands, as defined by Stattersfield et al. (1998).
Land-bridge or continental islands were excluded in
order to eliminate the confounding impact of migrating
mainland species on patterns of endemism.
In most cases island area was taken from Stattersfield
et al. (1998) or from encyclopedias (Chernow and Vallasi 1993, Anon. 1998a) when that work did not
provide this data. Isolation was measured as the distance from the nearest continental landmass, including
land-bridge or continental islands, using regional maps
in an atlas; maximum elevation for an island was also
determined from an atlas (Anon. 1999a, b). Continents
were used to index isolation because they are considered the ‘‘source’’ for new species in island biogeography theory (MacArthur and Wilson 1967).
Distance to the nearest island was not included as a
factor in the analysis because islands will only receive a
sub-sample of the bird fauna from the mainland-those
species that already can cross water. As a result, the
proximity to another island is much less important in
terms of the number of species that might reach an
island than proximity to the continent. For example,
many of the coral atolls in the central Pacific are only
a few hundred kilometers from the nearest coral atoll,
but are thousands of kilometers from the nearest continent. The proximity of that second coral atoll will mean
individual birds can travel from that atoll to the first
atoll-however, this is unlikely to add additional source
species to the first coral atoll. Only species that could
have reached the second atoll (and therefore could have
crossed large stretches of open ocean already) will reach
the first one.
The number of endemic bird species on a particular
island or island group was taken from Stattersfield et
al. (1998). I defined an island group as a group of
islands treated as an endemic bird area (EBA) by
Stattersfield et al. (1998). Island chains such as the
Lesser Antilles, the Bahamas, and the Galapagos are
treated as a single EBA, while other island chains in
which individual islands have more than two restrictedrange species endemic to each island are divided into
separate groups. The aggregation of islands together
into one group (e.g., the Lesser Antilles or the Galapagos) may result in the overcounting of endemic species, as species that are found on multiple islands, but
not outside the island chain that makes up the EBA,
are counted as endemics. The EBA method might also
result in the undercounting of endemic species, as species that are restricted to isolated island groups (e.g.,
the Hawaiian Islands) but are found on multiple islands
and thus in multiple EBAs (e.g., the Central Hawaiian
and Hawaii Island EBAs) would be excluded from the
analysis. I chose to maintain Stattersfield et al.’s analysis because it provides a consistent cut-off point. I also
included Secondary Areas (SAs), with only one restricted range bird species, listed by Stattersfield et al.
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(1998). Thus, all island or island groups with at least
one endemic bird species are included in this analysis –
a total of 88. I also added islands where fossil endemic
bird species have been discovered through paleoecological research-this added five islands to the analysis, for a
total of 93 islands or island groups.
Only non-pelagic bird species were included in the
analysis, following Adler (1992), Pimm et al. (1994),
and Stattersfield et al. (1998). There are a number of
endemic pelagic bird species, including several species
that are thought to be extinct due to human activities.
However, pelagic bird species use islands in a much
different way from non-pelagic species. Pelagic species
can, and often do, live most of their life on the open
ocean because of their ability to drink seawater. Islands
in many cases only represent locations to breed and
raise young. Therefore, the area of an island is much
less important for pelagic species (especially compared
to the importance of a lack of predators), and the
surrounding ocean is a much less hostile environment
compared to land species. Given these distinctions, I
felt that it was appropriate to analyze non-pelagic
species separately from pelagic species.
The list of endemic species from Stattersfield et al.
(1998) was amended in two ways. First, I added species
for the islands (Cuba, Hispaniola, Sulawesi, South and
North Island New Zealand) that had \ 50 000 km2.
Species that were endemic to those islands, but had
ranges \ 50 000 km2, were included in the list. These
species are included because they are endemic, and the
concerns of how to treat island groups (discussed
above) do not apply in these cases. Recent bird field
guides for these islands (Coates and Bishop 1997,
Heather and Robertson 1997, Raffaele et al. 1998) were
consulted to determine the additions. Second, I removed species where fossil evidence from the literature
showed that species were not, in prehistoric times,
endemic to a particular island or island group.
Subspecies were not included in the analysis. The
current taxonomic dividing line between species and
subspecies, as applied to birds, is arguably arbitrary
(Hazevoet 1996), and could result in a significant undercounting of endemic island bird diversity, as species
may have been arbitrarily lumped into larger groups
(Pimm et al. 1994, Peterson and Navarro-Sigüenza
1999). Inclusion of subspecies would avoid this problem. However, the inclusion of all subspecies could lead
to the risk of including subspecies that should not be
counted as species, especially since island populations
of bird species are often automatically classified as
subspecies. Moreover, any undercounting of species
would be more or less consistent across all islands and
island groups. I chose instead to follow Statterfield et
al.’s (1998) classification of species.
I counted as ‘‘endangered’’ all species listed by the
International Union for the Conservation of Nature
(IUCN) as critical, endangered, or vulnerable (Hilton663

Taylor 2000). Species were removed from this list where
they had been listed solely because of small populations
or ranges, or a population decline due to natural
causes. IUCN’s Redlist database (Hilton-Taylor 2000)
provided this information.
Modern extinct species were defined as any species
listed by IUCN as extinct or extinct in the wild since
1600 (Hilton-Taylor 2000). This list was supplemented
for New Zealand by Holdaway (1999), for the
Caribbean by Rothschild (1907), and by Pratt et al.
(1987) and Mourer-Chauviré et al. (1999).
I determined the date of human arrival for all island
groups included in the database from the biological,
historical, and anthropological literature, as well as
encyclopedias (Chernow and Vallasi 1993, Anon.
1998a). Where disputes exist as to the date of human
colonization, such as for Polynesia (Spriggs and Anderson 1993, Kirch and Ellison 1994), I took the older date
from the literature as a conservative estimate which will
overestimate the importance of human contact in determining the number of endemic species, and thus will
underestimate the importance of isolation. Where no
date was available from the literature, I extrapolated
the date from the nearest island group for which a date
was known. Human arrival was recorded as years
before present.
For a subset of the islands studied (36), paleoecological studies of fossil records of bird species have been
undertaken, and the number of endemic species identified in those studies as extinct before historic records
existed were incorporated into this analysis. Paleoecological studies provide some evidence of the number of
endemic bird species that were present before human
contact, even when such contact occurred before historic records of bird species or specimens are available.
While the paleocological record is far from perfect
(Pimm et al. 1994), it provides at least some correction
for prehistoric extinctions of endemic bird species, and
is essential to any accurate examination of biogeographic trends on islands (Steadman 1989a, 1997, Balouet and Olson 1989).
Thus, if human arrival has ‘‘confounded’’ the analysis of the relationships between area, elevation, or
isolation and endemic bird species vulnerability, any
true relationship might be revealed by correlations of
area, elevation, or isolation with the proportion of
fossil and modern species combined that are extinct.
Moreover, assuming that the fossil record is complete,
we should see that the earlier humans have contacted
an island, the higher the proportion of island bird
species that are extinct – the opposite relationship
predicted for the analysis of modern bird species. This
prediction follows from an assumption that as time
progresses, more and more bird species succumb to
increasing (or continued) human pressure and go extinct. Once the lack of knowledge of prehistoric extinctions of bird species is corrected, we will be able to
observe this trend.
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An additional correction factor for the undersampling inherent in paleoecological analysis of bird fossils
is the mark-recapture calculation proposed by Pimm et
al. (1994). Using this method, the number of undiscovered, endemic fossil bird species can be estimated by
multiplying the number of endemic bird species for
which only historic records exist by the number of
endemic bird species for which only fossil records exist,
and then dividing by the number of endemic bird
species for which both fossil and historic records exist.
This estimate was calculated for all islands for which
fossil data existed, and for which this calculation produced a non-zero estimate. It was then added to the
number of known fossil species to create an estimate of
the total number of endemic fossil species. Again, while
this method is an imperfect and inexact estimate (Pimm
et al. 1994) it provides at least some correction.
Data for area, isolation, elevation, and date of human arrival were log transformed to more closely approximate a normal distribution. Proportions were
calculated for the number of extinct modern endemic
species relative to the total number of modern endemic
species, the number of endangered endemic species
relative to the total number of modern endemic species,
and the number of extinct fossil and modern endemic
species relative to the total number of fossil and modern endemic species.
The relationships between human arrival, isolation,
area, elevation, and the proportion of modern endemic
species extinct was tested by using a reverse stepwise
multivariate linear regression, with log of area, log of
isolation, log of elevation, and log of date of human
arrival as the independent variables, and the proportion
of modern endemic species extinct as the dependent
variable. The same analysis was conducted but with the
proportion of modern endemic species endangered, and
the proportion of fossil and modern endemic species
extinct (both using the numbers compiled from the
literature, and also with the estimates made using the
mark-recapture method) as the dependent variables.
The threshold for removal of variables from the stepwise linear models was set at p \ 0.05. All analyses were
conducted using SYSTAT (Anon. 1998b).

Results
The results of the first regression analysis are presented
in Table 1 and show that the log of the date of human
arrival is negatively correlated with the proportion of
modern endemic species that are extinct (r2 = 0.186).
Thus, the earlier that humans contacted an island (i.e.,
the higher the value for date of human arrival, which is
measured in years before present), the lower the proportion of modern endemic bird species that are extinct.
The regression of log area and log isolation with the
ECOGRAPHY 25:6 (2002)

proportion of modern species extinct shows that neither
met the threshold for inclusion in the model. Log of
elevation was negatively correlated with the proportion
of modern endemic species that are extinct; the higher
the maximum elevation of the island, the lower the
proportion of endemic species that are extinct.
In contast, the regression of log date of human
arrival with the proportion of modern species endangered shows almost no correlation. As with the first
regression, log of isolation did not have a statistically
significant correlation with the proportion of modern
endemic species endangered. The log of area was negatively correlated with the proportion of modern species
that are endangered, and the log of elevation was
positively correlated with the proportion of modern
species that are endangered (r2 =0.159).
In the analysis using the proportion of fossil and
modern species that are extinct as the dependent variable, log of area and log of elevation both did not have
statistically significant correlations with the proportion
of species extinct. However, log of date of human
arrival was again negatively correlated enough with the
proportion of modern and fossil species extinct to be
included in the model, and log of isolation had a
positive correlation with the dependent variable (r2 =
0.406). Thus, the earlier humans have contacted an
island, the lower the proportion of fossil and modern
bird species that have gone extinct, and the more
isolated an island was, the higher the proportion of
fossil and modern bird species that have gone extinct.
The results for the regression that used mark-recapture
estimates to calculate the total numbers of fossil and
modern species were similar for log of date of human
arrival, but the relationship with log of isolation was
weaker (r2 = 0.270).
Stepwise regression analysis can be confounded by
strong correlations between the independent variables.
Some of the independent variables, such as log of
human arrival and log of isolation, would intuitively
seem to be strongly correlated. To confirm that the

results from the above stepwise analyses were not spurious, I also undertook linear regression analyses with all
independent variables kept in the regression. As shown
in Table 2, there is only one relationship whose status
as statistically significant or insignificant changed as a
result. When log of isolation was maintained in the
regression analysis, it had a statistically significant positive relationship with the proportion of fossil and
modern bird species extinct with the number of fossil
species corrected using the mark-recapture method.

Discussion
All of the original hypotheses, that larger islands would
contain species that are less vulnerable to human disturbance, that more isolated islands would contain
endemic species that are more vulnerable to human
disturbance, and that islands that have been contacted
more recently by humans would have a higher proportion of modern species extinct, had some support in the
data. However, the third hypothesis had by far the
most support from the results.
Log of area had a statistically significant relationship
only with the proportion of modern island bird species
that are endangered. This relationship indicates that, of
the species that are threatened by human activity today,
islands with larger areas have lower proportions of
species endangered. Log of isolation had a significant
relationship with the proportion of modern and fossil
species that have gone extinct. Moreover, although this
relationship was insignificant when the number of fossil
species was corrected using the mark-recapture analysis,
the relationship changed to significant when a non-stepwise linear regression keeping all independent variables
was performed. This relationship provides some support for the hypothesis that islands that are more
isolated have species that are more vulnerable to the
impacts of human colonization. Log of elevation had
two statistically significant relationships, one with the

Table 1. Results of stepwise regressions of area, isolation, elevation, and date of human arrival for island groups on the
likelihood of extinction or endangerment of island bird species. Statistics for excluded variables are for the regression step at
which the variable was excluded.
Dependent variable

Intercept

Log of area

Log of isolation

Log of elevation

Log of date of
human arrival

Prop. of modern enedmics
extinct N =88

Coeff. = 0.860
SE=0.165
pB0.001
Coeff. =0.373
SE= 0.164
p =0.025
Coeff. =0.798
SE=0.378
p =0.042
Coeff. =1.287
SE=0.202
pB0.001

Coeff. =0.037
SE= 0.039
p =0.352
Coeff.=−0.151
SE = 0.038
pB0.001
Coeff. =−0.012
SE = 0.053
p = 0.819
Coeff. =−0.029
SE =0.040
p = 0.480

Coeff. =0.051
SE= 0.055
p = 0.353
Coeff. = 0.104
SE=0.062
p =0.096
Coeff. =0.181
SE=0.078
p= 0.027
Coeff. = 0.102
SE= 0.063
p= 0.120

Coeff. =−0.109
SE=0.048
p =0.027
Coeff. = 0.171
SE =0.073
p = 0.022
Coeff.=−0.100
SE =0.071
p = 0.168
Coeff. = 0.116
SE=0.061
p =0.074

Coeff. =−0.112
SE= 0.034
p = 0.001
Coeff. =−0.001
SE = 0.050
p= 0.991
Coeff. =−0.250
SE =0.072
p= 0.001
Coeff. =−0.181
SE=0.065
p= 0.011

Prop. of modern endemics
endangered N = 88
Prop. of fossil and modern
endemics extinct N =36
Prop. of total endemics
estimated using markrecapture extinct N =22
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Table 2. Results of non-stepwise regressions of area, isolation, elevation, and date of human arrival for island groups on the
likelihood of extinction or endangerment of island bird species.
Dependent variable

Intercept

Log of area

Log of isolation

Log of elevation

Log of date of
human arrival

Prop. of modern enedmics
extinct N = 88

Coeff. =0.700
SE= 0.286
pB0.016
Coeff.= 0.037
SE= 0.332
p= 0.0911
Coeff. = 0.923
SE= 0.393
p = 0.025
Coeff. =1.425
SE=0.389
pB0.288

Coeff. =0.037
SE=0.039
p =0.352
Coeff. =−0.129
SE = 0.046
pB0.006
Coeff. =−0.012
SE = 0.053
p = 0.819
Coeff. =−0.029
SE = 0.040
p = 0.480

Coeff. =0.058
SE = 0.056
p = 0.297
Coeff. =0.104
SE =0.065
p =0.113
Coeff. = 0.185
SE = 0.081
p =0.030
Coeff. = 0.138
SE = 0.063
p = 0.042

Coeff. =−0.143
SE =0.065
p =0.030
Coeff. =0.163
SE =0.075
p =0.033
Coeff. =−0.189
SE =0.085
p = 0.304
Coeff. = 0.158
SE = 0.085
p = 0.081

Coeff. =−0.118
SE = 0.043
p =0.007
Coeff. =−0.001
SE= 0.050
p =0.991
Coeff. =−0.199
SE= 0.089
p = 0.032
Coeff.=−0.169
SE= 0.074
p =0.036

Prop. of modern endemics
endangered N = 88
Prop. of fossil and modern
endemics extinct N =36
Prop. of total endemics
estimated using markrecapture extinct N =22

proportion of modern species extinct, and the other
with the proportion of modern species endangered. The
two relationships were contradictory, with a positive
relationship between log of elevation and the proportion of modern endemics endangered, but a negative
relationship between log of elevation and the proportion of modern endemic bird species extinct.
There was also an important relationship between the
proportion of modern species extinct and the log of the
date of human arrival (Fig. 1), a relationship that was
very significant statistically (p = 0.001). This result provides considerable support for the third hypothesis,
which is that the date of human contact matters in
determining the proportion of an island’s bird fauna
that is extinct, and in turn support for Pimm et al’s
(1994) argument that an earlier date of human arrival
may result in fewer endemic extinctions of species
known to modern science because human contact
causes the extinction of many species and ‘‘erases’’ the
record of endemism. In other words, we see fewer
endemic extinctions on islands contacted by humans at
an earlier date simply because we do not have any
records of the endemic bird species that succumbed to
the initial wave of extinctions.
However, if this hypothesis is correct, we would also
expect two additional results. One, we should also
presumably see a higher proportion of modern endemic
bird species that are endangered on islands that have
been contacted more recently by humans. This hypothesis would follow if endangerments track extinctions
relatively closely. But the results indicate that there is
no statistically significant relationship between the log
of date of human arrival and the proportion of modern
species endangered; indeed, there is almost no relationship between the two at all.
Two, if the relationship between the date of human
arrival and the proportion of modern species extinct is
due to the ‘‘erasure’’ of the traces of endemic species by
the extinction of those species before historic records,
the fossil record should correct for this to some extent.
Thus, we should see the opposite relationship between
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date of human arrival and the proportion of modern
and fossil species extinct. This prediction follows if, by
discovering the lost records of endemic species gone
extinct during the first wave of human contact, we
uncover the ‘‘true’’ level of endemic extinctions across
all islands in the wake of human contact.
Yet, we see the exact opposite results in the analysis.
Even for the proportion of fossil and modern species
extinct, the earlier humans have contacted the island,
the lower the proportion of species extinct. Indeed, the
explanatory power and the strength of the relationships
increase when fossil species are taken into account, with
an r2 that is over 0.4. Nor does the mark-recapture
estimate change the results. The earlier that humans
arrive, the fewer extinct, endemic fossil birds we find on
island groups.
What can account for these contradictory results?
The lack of any correlation between the date of human
arrival and the proportion of modern species that are
endangered might be because, at least for island groups
examined on a global scale, the ‘‘spasm’’ of extinctions
due to human contact with oceanic islands is nearing an
end. If there is a high peak of extinctions immediately
after human contact with islands, which then tails off as
time continues, then the more time that passes after the
initial peak, the less difference there will be between
islands based on when the initial human contact occurred. In other words, most or all of the ‘‘vulnerable’’
bird species on islands have already been driven to
extinction (again, viewed at a global scale), and thus the
importance of history to island bird extinctions is
diminishing.
This conclusion is supported by other relationships in
the data. If initial human contact quickly eliminates the
most vulnerable species, and if isolated islands have
more vulnerable species, then we should see a higher
proportion of extinct fossil species on more isolated
islands, because those islands will be more likely to
have had species disappear quickly before specimens
could have been collected by Western scientists and
explorers. This, in fact, is what the data shows in part,
ECOGRAPHY 25:6 (2002)

with a significant positive relationship between isolation
and the proportion of modern and fossil species combined that have gone extinct. Conversely, isolation
should have much less to do with the proportion of
modern species that are extinct or endangered, since by
the time that modern scientists were able to catalogue
and identify island bird species, many of the most
vulnerable species would have already disappeared,
particularly on the isolated islands with the species that
are most vulnerable of all. Again, this is supported by
the data, with no significant relationship between isolation and the proportion of modern species extinct or
endangered.
On the other hand, once the difference between islands because of isolation, a difference in the number of
most vulnerable species, has been eliminated because of
human colonization, then islands should be more like
continental landmasses, and isolated islands should be
more like less-isolated islands. The introduction of new
species by humans, the destruction of unique habitat,
and the direct impact of predation have made the most
isolated islands much more like an island near to a
continent, or even a part of a continental landmass,
then they ever have been before. As a result, the
patterns of species extinctions and endangerments
should be determined today much more by factors
common to continents and islands, such as area and
specialized ecological niches, as opposed to the factor
unique to islands, isolation. And indeed, this is what
the data shows. The proportion of modern species that
are endangered, probably the measure that would track
most closely what is occurring right now, and which
would probably be influenced least by history, is the
dependent variable with the closest relationships with
log of area and log of isolation, with both in the
expected direction.

There are two possible explanations for the existence
of a negative correlation between date of human arrival
and the proportion of modern and fossil species that
are extinct. One explanation might be incompleteness in
the fossil data. The hypothesis of a positive correlation
between date of human arrival and the proportion of
modern and fossil species extinct depended on the fossil
record being complete and revealing the existence of all
of the prehistorically extinct bird species. However,
paleoecology is not an exact science, and it is probably
too much to ask of scientists to completely reconstruct
historic species compositions based on excavations of
fossil records that almost certainly have incompletely
preserved the prehistoric fauna.
Moreover, the fossil record has been investigated for
only a subset of the islands covered in this study, and
those islands have been more recently colonized than
the islands that have not been studied; the log of
human arrival for islands where fossil studies have been
performed is lower than that for those islands where
fossil studies have not been performed (mean of 3.20
compared to mean of 3.49, one-tailed t-test assuming
unequal variances p = 0.03). Certainly, there has been
almost no investigation of the historic fossil bird record
for Indonesia, which has many of the oceanic islands
colonized earliest by humans. A more complete survey
of the fossil records of all of these islands might change
the analysis significantly.
This explanation of the results of this paper is significant because it indicates that researchers should be
extremely careful in the conclusions they draw from the
analysis of biogeographic data. For island bird species,
both the number of modern endemic species and the
proportion of those species that have become extinct
may be strongly affected by the length of time since
human colonization of the island. The completeness of

Fig. 1. Proportion of
modern endemic bird species
extinct versus log of date of
human arrival (years before
present), with regression line
plotted.
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the fossil record might equally be affected by the passage of time since human colonization. Thus, researchers in other studies must be careful to account
not only for the geographic, climactic, and ecological
factors in their studies, but also must incorporate the
history of human interaction with the landscape. Such
human interaction can have profound impacts on the
diversity, distribution, and status of animal species
(Steadman 1989a, 1997, Balouet and Olson 1989).
Nonetheless, the regression analysis does show a
stronger negative relationship between date of human
arrival and the proportion of endemic birds extinct
when fossil species are taken into account, and this
analysis was only performed for those islands where
there have been reported studies of the fossil bird
record. Unless islands that have been colonized earlier
by humans have a poorer fossil bird record than islands
that have been colonized later (Pimm et al. 1994), there
should be no reason why the relationship would
strengthen when fossil species are included.
A second explanation could be changes in the nature
of human interactions with the landscape over time. As
Diamond (1984) noted, there are significant changes in
how humans have affected natural ecosystems on both
continents and islands over geologic history. The earliest human contacts with island bird species, such as in
the south-east Asian islands, would have occurred when
human technology for the hunting of animals, and for
the conversion of natural landscapes to human-dominated landscapes, would have been greatly limited.
While the bird species on these islands would have also
experienced the impacts of improved human technology
over time, in the meantime these species might have lost
their naivete of humans, and gained important evolutionary time to adapt to the impact of human colonization (Diamond 1984). Bird species on islands colonized
later in history would not have been so fortunate.
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Island name

ECOGRAPHY 25:6 (2002)

Caribbean
Cuba
Bahamas
Jamaica
Hispaniola
Puerto Rico
Lesser Antilles
San Andres Island
Cayman Islands
Atlantic Ocean
Femando de Noronha
Cape Verde Islands
Tristan Islands
Gough Island
Annobon
Sao Tome
Principe
South Georgia
St. Helena
Ascension
Bermuda
Madeira and the Canary Islands
Indian Ocean
Comoro Islands
Aldabra
Seychelles
Reunion
Mauritius
Rodrigues
Pemba
Socotra
Andaman Islands
Nicobar Islands
Christmas Island
Amsterdam
Kerguelen and Crozet Islands
South-east Asian Islands
Enggano
Northern Nusa Tenggara Islands
Sumba
Timor and Wetar
Banda Sea Islands
Sulawesi
Sangihe and Talaud
Banggai and Sula Islands
Buru
Seram
Northern Maluku Islands
Geelvink Islands
Salayar and Bonerate Islands

Area (km2)

Elevation

110 000
14 000
11 000
76 000
9000
6300
52
262

1500
60
2260
3090
1340
l470
100
40

200
80
630
550
650
150
200
500

28
4
30
21
12
31
1
1

1
1
2
0
0
7
0
1

18
4000
110
65
17
860
140
3500
122
97
54
8000

320
2800
2l60
900
670
2020
900
2930
820
860
50
3700

350
500
2800
2800
220
160
130
l700
l900
1500
920
90

2
4
5
2
2
16
6
1
1
1
0
10

2200
160
240
2500
1900
110
l000
3500
8200
1800
140
55
7500

2600
20
980
3070
830
400
100
1520
740
610
360
880
1960

270
400
1000
670
870
1500
50
190
270
200
200
2500
2400

450
39 000
11 000
34 000
7100
190 000
1700
7200
8300
19 000
27 000
3000
1200

300
3730
1200
2960
850
3450
1780
1650
2430
3030
2110
1000
610

100
50
360
810
120
120
190
470
460
140
240
50
400

Isolation
(km)

c Modern
endemic

c Modern
extinctions

c Endangered

c Fossil
endemics

Number ‘‘skin
plus bone’’
endemics

Mark-recapture
estimate

9
1
4
6
2
11
1
0

16
3
1
4
10
4
n/a
n/a

0
0
0
9
5
5
n/a
n/a

n/a
n/a
n/a
6
14
21
n/a
n/a

0
0
1
0
0
0
0
0
0
1
0
1

1
2
3
2
0
8
0
0
1
0
0
1

1
n/a
n/a
n/a
n/a
n/a
n/a
n/a
5
1
4
2

0
n/a
n/a
n/a
n/a
n/a
n/a
n/a
1
1
0
1

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
0
0
n/a
18

1
2
12
14
16
10
4
6
8
4
2
1
1

0
1
1
10
8
8
0
0
0
0
0
1
0

6
0
8
1
7
2
0
4
1
1
2
0
1

n/a
1
n/a
2
2
2
n/a
n/a
n/a
n/a
n/a
0
n/a

n/a
n/a
4
7
6
n/a
n/a
n/a
n/a
n/a
1
n/a

n/a
0
n/a
5
3
2
n/a
n/a
n/a
n/a
n/a
n/a
n/a

2
17
6
23
18
57
5
8
10
13
26
10
1

0
0
0
0
0
0
0
0
0
0
0
0
0

0
5
2
5
1
6
4
2
3
3
8
3
1

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
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Island name

Area (km2)

Elevation

Isolation
(km)

c Modern
endemic

Pacific Ocean
Mariana lslands
Palau
Yap lslands
East Caroline Islands
Admiralty Islands
St. Matthias Islands
New Britain and New Ireland
Solomon Islands
Rennell and Bellona
Vanuatu and Temotu
New Caledonia
Fiji
Samoa
Lord Howe Island
Norfolk Island
North Island New Zealand
South Island New Zealand
Auckland Islands
Chatham Islands
Southern Cook Islands
Rimatara
Marqeusas Islands
Society Islands
Tuamotu archipelago
Henderson Island
Laysan Island
Central Hawaiian Islands
Hawaii Island
Clarion
Galapagos Islands
Juan Fernandez Islands
Ogasawara Islands
Nansei Shoto Islands
Wake Island
Nauru
Rotuma
Niuafo’ou
Tonga
Antipodes Islands
Rapa
Pitcaim
Nihoa
Easter Island
Niue
Guadalupe Island
Socorro Island
Cocos Island

1000
460
120
580
2000
460
48 000
34 000
850
13 000
19 000
18 000
3000
17
35
120 000
150 000
619
970
190
8
1000
1400
690
31
4
6300
10 000
28
8000
180
73
4500
7
21
47
55
700
21
40
5
1
162
259
280
150
47

960
220
180
790
720
1000
2440
2440
100
1800
1630
1320
1850
870
320
2800
3750
660
290
650
80
1230
2240
110
30
10
3050
4200
330
1710
1380
400
1930
6
70
250
250
1030
400
630
340
280
510
70
1300
1130
700

1800
870
1200
2100
275
550
50
675
975
1700
1250
2500
3600
600
1300
1800
1500
1600
2900
4200
4400
5800
4400
4800
5400
5000
3700
3700
700
960
640
1000
50
3100
2200
2700
3000
3100
2400
5500
5600
4500
3700
3800
250
450
500

10
140
3
13
6
2
35
62
5
15
22
24
11
5
5
3
5
2
8
7
4
7
12
4
4
1
19
13
1
22
3
4
8
1
1
1
0
1
1
1
1
0
0
0
2
4
3

c Modern
extinctions

3
0
0
2
0
0
0
1
0
0
0
1
0
3
2
1
1
1
3
1
0
0
7
0
0
1
7
9
0
0
0
3
1
1
0
0
0
0
0
0
0
0
0
0
1
1
0

c Endangered

5
0
0
4
2
0
5
14
0
7
6
7
5
2
3
1
3
1
4
5
4
4
3
2
4
0
12
4
1
5
2
1
5
0
1
1
0
0
1
1
1
0
0
0
1
2
3

c Fossil
endemics

Number ‘‘skin
plus bone’’
endemics

Mark-recapture
estimate

6
n/a
n/a
n/a
n/a
1
3
0
n/a
n/a
6
5
1
0
1
4
8
n/a
9
6
n/a
7
4
n/a
5
n/a
51
6
n/a
0
n/a
n/a
n/a
n/a
n/a
n/a
n/a
9
n/a
n/a
n/a
n/a
5
2
n/a
n/a
n/a

7
n/a
n/a
n/a
n/a
0
0
0
n/a
n/a
4
0
0
1
2
2
4
n/a
4
3
n/a
6
1
n/a
3
n/a
14
3
n/a
0
n/a
n/a
n/a
n/a
n/a
n/a
n/a
0
n/a
n/a
n/a
n/a
0
0
n/a
n/a
n/a

3
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
27
n/a
n/a
n/a
2
2
2
n/a
9
8
n/a
2
44
n/a
2
n/a
19
20
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
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Appendix 2. Sources for fossil bird species and human arrival data.
Island name
Caribbean
Cuba
Bahamas
Jamaica
Hispaniola
Puerto Rico
Lesser Antilles

Fossil info source

Arredondo (1976), Olson (1978), Arredondo and Olson (1994)
Brobkorb (1959), Olson (1978), Olson and Pregill (1981), Olson
and Hiltgartner (1982)
Olson and Steadman (1977), Olson (1978, 2000), Milberg and
Tyrberg (1993)
Wetmore (1922b), Bernstein (1965), Olson (1978), Milberg and
Tyrberg (1993)
Wetmore (1922a), Brobkorb (1972), Olson (1978, 1985), Milberg
and Tyrberg (1993)
Brobkorb (1964), Olson (1978), Steadman et al. (1984), Watters et
al. (1984), Pregill et al. (1988, 1994), Steadman (1999b), Reis and
Steadman (1999), Steadman and Hilgartner (1999)

San Andres Island
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Cayman Islands
Atlantic Ocean
Fernando de Noronha
Cape Verde Islands
Tristan Islands
Gough Island
Annobon
Sao Tome
Principe
South Georgia
St. Helena
Ascension
Bermuda
Madeira and the Canary
Islands
Indian Ocean
Comoro Islands
Aldabra
Seychelles
Reunion
Mauritius
Rodrigues
Pemba
Socotra
Andaman Islands
Nicobar Islands
Christmas Island
Amsterdam
Kerguelen and Crozet
Islands

Olson (1981), Carleton and Olson (1999)

Ashmole (1963b), Olson (1975)
Ashmole (1963a), Ashmole and Ashmole (1997)
Olson and Wingate (2000)
Pieper (1985), Baez (1992), Milberg and Tyrberg (1993)

Harrison and Walker (1978)
Cowles (1994), Mourer-Chauviré et al. (1995, 1999)
Cheke (1987), Mourer-Chauviré et al. (1999)
Cheke (1987), Mourer-Chauviré et al. (1999)

Olson and Jouventin (1996), Worthy and Jouventin (1999)

Date human
arrival (BP)

Date source

7000
7000

Milberg and Tyrberg (1993)
Milberg and Tyrberg (1993)

7000

Milberg and Tyrberg (1993)

7000

Milberg and Tyrberg (1993)

7000

Milberg and Tyrberg (1993)

5000

Milberg and Tyrberg (1993)

7000
7000

de Albuquerque and Stinner (1977), extrapolated Milberg
and Tyrberg (1993)
Smith (1983), extrapolated Milberg and Tyrberg (1993)

500
550
500
500
520
520
520
225
500
300
500
2000

Filho (1957), Chernow and Vallasi (1993)
Foy (1988), Chernow and Vallasi (1993)
Wace and Holdgate (1976), Chernow and Vallasi (1993)
Anon. (1998a)
Extrapolated Chernow and Vallasi (1993)
Garfield (1992), Chernow and Vallasi (1993)
Chernow and Vallasi (1993)
Venables (1991), Chernow and Vallasi (1993)
Melliss (1875), Chernow and Vallasi (1993)
Ashmole and Ashmole (1997)
Anon. (1998a)
Milberg and Tyrberg (1993)

l000
110
250
400
400
400
1000
1000
100 000
100 000
120
300
225

Guébourg (1993), Anon. (1998a)
Day (1981), Amin et al. (1995)
Bradley (1940), Chernow and Vallasi (1993)
Cheke (1987)
Cheke (1987)
Cheke (1987)
Ayany (1970), Chernow and Vallasi (1993)
Naumkin (1993)
Cooper (1993), extrapolated Milberg and Tyrberg (1993)
Cooper (1993), extrapolated Milberg and Tyrberg (1993)
Day (1981), Adams and Neale (1993)
Worthy and Jouventin (1999)
Chernow and Vallasi (1993), Delépine (1995)
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Appendix 2 (Continued).
Island name
South-east Asian islands
Enggano
Northern Nusa
Tenggara Islands
Sumba
Timor and Wetar
Banda Sea Islands
Sulawesi
Sangihe and Talaud
Banggai and Sula Islands
Buru
Seram
Northern Maluku Islands
Geelvink Islands
Salayar and Bonerate
Islands
Pacific Ocean
Mariana Islands
Palau
Yap Islands
East Caroline Islands
Admiralty Islands
St. Matthias Islands
New Britain and New
Ireland
Solomon Islands
Rennell and Bellona
Vanuatu and Temotu
New Caledonia
Fiji
Samoa
Lord Howe Island
Norfolk Island
North Island New Zealand
South Island New Zealand
Auckland Islands
Chatham Islands
Southern Cook Islands
Rimatara
Marqeusas Islands
Society Islands
Tuamotu archipelago
Henderson Island
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Laysan Island

Fossil info source

Steadman (1992, 1999a)

Steadman and Kirch (1998)
Steadman et al. (1999)
Steadman et al. (1990)
Balouet and Olson (1989)
Steadman (1999b), Worthy et al. (1999)
Steadman (1993a, 1999b)
Meredith (1991)
Meredith (1991)
Millener (1991), Worthy and Holdaway (1995), Holdaway (1999)
Millener (1991), Worthy and Holdaway (1995), Holdaway (1999)
Tennyson and Millener (1994), Millener (1999)
Steadman (1985, 1989a, 1991, 1995), Allen and Steadman (1990),
Steadman and Kirch (1990)
Steadman (1989a, 1997), Steadman and Rolett (1996)
Steadman (1989a), Steadman and Pahlavan (1992)
Schubel and Steadman (1989), Wragg and Weisler (1994), Wragg
(1995)
Olson and Ziegler (1995)

Date human
arrival (BP)

Date source

100 000
900 000

Extrapolated Milberg and Tyrberg (1993)
Gibbons (1998), Morwood et al. (1998)

100 000
100 000
100 000
30 000
30 000
30 000
30 000
30 000
30 000
30 000
30 000

Extrapolated Milberg and Tyrberg
Milberg and Tyrberg (1993)
Extrapolated Milberg and Tyrberg
Milberg and Tyrberg (1993)
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg
Extrapolated Milberg and Tyrberg

(1993)
(1993)
(1993)
(1993)
(1993)
(1993)
(1993)
(1993)
(1993)

3000
4000
4000
2000
13 000
3700
35 000

Roberts (1991)
Roberts (1991)
Roberts (1991)
Roberts (1991)
Steadman and Kirch (1998)
Steadman and Kirch (1998)
Steadman and Kirch (1998)

35 000
35 000
4000
3000
3500
3500
200
900
1200
1200
200
500
3000

Steadman and Kirch (1998)
Extrapolated Steadman and Kirch (1998)
Keegan and Diamond (1987)
Milberg and Tyrberg (1993)
Milberg and Tyrberg (1993)
Milberg and Tyrberg (1993)
Rabone (1940), Day (1981)
Milberg and Tyrberg (1993)
Rouse (1986)
Rouse (1986)
Rudge and Campbell (1977), Chernow and Vallasi (1993)
Irwin (1992)
Kirch and Ellison (1994)

1200
2000
3000
2500
1000

Bellwood (1987)
Milberg and Tyrberg (1993)
Kirch and Ellison (1994)
Kirch and Ellison (1994)
Wragg and Weisler (1994)

1400

Bailey (1956), extrapolated Milberg and Tyrberg (1993)
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Appendix 2 (Continued).
Island name
Central Hawaiian Islands
Hawaii Island
Clarion
Galapagos Islands

Fossil info source
Pratt et al. (1987), James and Olson (1991), Olson and James
(1991, 1994, 1996), Olson (1992), Giffin (1993), Fleischer et al.
(2000)
Pratt et al. (1987), James and Olson (1991), Olson and James
(1991, 1994, 1996), Olson (1992), Giffin (1993), Fleischer et al.
(2000)
Steadman (1989a), Steadman et al. (1991), Steadman and DeLeon
(1999)

Juan Fernandez Islands
Ogasawara Islands
Nansei Shoto Islands
Wake Island
Nauru
Rotuma
Niuafo’ou
Tonga
Antipodes Islands
Rapa
Pitcairn
Nihoa
Easter Island
Niue
Guadalupe Island
Socorro Island
Cocos Island

Date human
arrival (BP)
1400

Milberg and Tyrberg (1993)

1400

Milberg and Tyrberg (1993)

300
465
450
200
12 000
450
2000
3500

Steadman (1989b, 1993b, 1995, 1998, 1999b), Steadman and
Freifeld (1998)

Olson and Ziegler (1995)
Carr (1980), Steadman et al. (1994), Steadman (1995)
Worthy et al. (1998), Steadman et al. (2000)

Date source

Berzunza (1950), extrapolated Day (1981)
Steadman and Martin (1999)

3500
3500

Woodward (1968), Chernow and Vallasi (1993)
Day (1981), Oda (1985)
Milberg and Tyrberg (1993)
Chernow and Vallasi (1993), Urwin (1997)
Extrapolated Milberg and Tyrberg (1993)
Extrapolated Milberg and Tyrberg (1993), Ladefoged
(1995)
Kirch and Ellison (1994)
Milberg and Tyrberg (1993)

200
200
900
1100
1500
2000
300
300
465

Chernow and Vallasi (1993)
Bellwood (1987)
Bellwood (1987)
Riley (1982), Irwin (1992)
Irwin (1992)
Worthy et al. (1998)
Berzunza (1950), Day (1981)
Extrapolated Day (1981), Rubio and Vera (1994)
Extrapolated Steadman (1989a, b), Knight (1992)

ECOGRAPHY 25:6 (2002)

