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VARIATION IN SPECIES LOSSES FROM ISLANDS: ARTIFACTS,
EXTIRPATION RATES, OR PRE-FRAGMENTATION DIVERSITY?
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Abstract. Species are being lost from isolated reserves as predicted by ecological
theory, prompting calls for larger reserves with higher species immigration rates. However,
some large islands have lost alarge proportion of their species, whereas some small islands
have not lost any. Conservation efforts would be more efficient if the cause of such variation
in the relationships among number of species lost, island size, and immigration rate were
known. Observed species losses could be affected by the time since islands were isolated,
species immigration rates, species extirpation rates, the pre-fragmentation diversity of the
region relative to steady state, or overestimation of the pre-fragmentation diversity of
islands. To test the last three hypotheses, | compared the intersection points of the island,
intraprovincial, and interprovincial species—area relationships of terrestrial mammals from
nine archipelagos of land-bridge islands and terrestrial habitat isolates. Species |osses from
three archipelagos were greater than expected due to reduced immigration rates alone,
although I could not resolve if this was due to increased extirpation rates or overestimation
of the pre-fragmentation diversity of the islands. Analysis of six archipelagos indicates that
the diversity of mammals in two regions of North Americais currently below steady state,
probably due to the extinction of mammals and glacial retreat during the late Pleistocene.
These results have direct implications for reserve planning. When provincial diversity is
below steady state, some combinations of reserve size and species immigration rate will
allow reserves to maintain their pre-isolation diversity. However, the diversity of provinces
relative to steady state is likely to vary, so conservation of a given proportion of aprovince
may not always conserve the same proportion of its species. | present a new species—area
relationship for islands formed by fragmentation that replaces the parameter c (fitted con-
stant) with a rotation point. Estimation of this rotation point will allow reserve planners
to separate the effects of extirpation and immigration rates on species losses from islands,
identify provinces that are below steady-state diversity, and estimate the combinations of

reserve size and immigration rate that will prevent loss of species from reserves.
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INTRODUCTION

Anthropogenic activities cause habitat loss and leave
remaining habitat as isolated fragments. This process
of habitat fragmentation is thought to have caused re-
cent species extinctions (Pimm and Askins 1995, Turn-
er 1996) and is considered a threat to the persistence
of many other species (Soulé 1991, Wilcoveet al. 1998,
Owens and Bennett 2000). The primary strategy to
counter habitat loss is to create habitat reserves (Soulé
1991, Margules and Pressey 2000), but this may be
only a temporary conservation strategy. Theory pre-
dicts that isolated reserves will experience reduced im-
migration rates and lose species (MacArthur and Wil-
son 1967). As predicted, reserves are currently expe-
riencing species losses (Newmark 1987, 1995, 1996,
Gurd and Nudds 1999, Brashares et al. 2001, Wiersma
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and Nudds 2001, Parks and Harcourt 2002), prompting
recommendations for larger reserves connected by im-
migration corridors (Soulé and Terborgh 1999). Al-
though larger reserves are undoubtedly better, knowing
how and why the proportion of species conserved
varies with reserve size and immigration rate would
help to direct limited resources toward efficient con-
servation (Soulé and Sanjayan 1998).

Regions that were fragmented during the change in
climate that ended the last glacial period have served
as empirical models of the consequences of fragmen-
tation. Melting glaciers increased sea levels, creating
land-bridge islands that were formerly connected to
continents. Plant communities shifted to higher ele-
vations, creating habitat ‘‘islands” isolated at the top
of mountains. Studies invariably indicate that species
have been lost from such islands (Brown 1971, Dia-
mond 1972, 1984, Terborgh 1974, Case 1975, Wilcox
1978, 1980, Patterson 1984, Crowell 1986, Lawlor
1986, Richman et al. 1988, Lomolino et al. 1989, Fou-
fopoulos and Ives 1999), but the proportion of species
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lost varies widely. Wilcox (1980) estimated that Sunda
Shelf land-bridge islands as large as 750 000 km? have
lost 40% of their nonvolant mammal species; this pre-
dicts ableak future for many mammalsin much smaller
reserves (Soulé et al. 1979). Paradoxically, recently
isolated reservesin North America between 12 000 and
22000 km? have not lost mammal species (Newmark
1987, Gurd et al. 2001).

At least five hypotheses may explain such variation
in species losses from islands. First, time lags may
delay species losses from recently created reserves
(Brooks et al. 1999, Ferraz et al. 2003). Second, spe-
cies immigration rates may differ between islands.
Third, extirpation rates on historical land-bridge is-
lands may have increased following isolation. For ex-
ample, climate change may have increased extinction
rates on islands by altering the area of individual hab-
itats independent of changesin total island area (Pregill
and Olson 1981, Goodfriend and Mitterer 1988).
Fourth, the pre-isolation diversity of historical land-
bridge islands may be overestimated because it must
be estimated from contemporary continental diversity,
which may have increased following isolation due to
shifts in species’ ranges in response to climate change
(Graham et al. 1996), or may never have been repre-
sentative of the province from which the islands were
formed. Fifth, some provinces may have been closer
to steady-state diversity than others at the time of frag-
mentation. Islands should loose a smaller proportion
of species if there were fewer species present initially.
The first two hypotheses are well-known effects of iso-
lation. Instead of detecting these effects, | attempt to
control for them. The latter three hypotheses predict
variation in species losses due to effects other than
isolation. Such effects have been dismissed based on
anecdotal evidence in one case (Richman et al. 1988),
but | am not aware of any systematic attempt to detect
them.

| tested whether these three hypotheses can account
for variation in the number of mammal species lost
from islands in nine different archipelagos. | used Ro-
senzweig’s (1995) conceptual framework of island, in-
traprovincial, and interprovincial species-area rela-
tionshipsin acomparative, graphical analysis. By com-
paring the intersection points of these three relation-
ships, and by recognizing that the species—area
relationship of islands formed through fragmentation
must rotate around a single point, | will show that mam-
mal diversity in some North American provinces is
below steady state and that some archipelagos of his-
torical islands have lost more species than expected
due to isolation reducing immigration rates. Finally, |
will discuss how the three types of species—area rela-
tionships can be used to guide reserve planning.

Inferences from dynamic, scale-dependent species—
area relationships

Provinces and islands can be defined by the relative
contribution of extinction, extirpation, speciation, and
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immigration to their diversity (Rosenzweig 1995).
Provinces are self-contained regions whose species
originate entirely by speciation within the province and
arelost by extinction. Islands are self-contained regions
whose species originate entirely by immigration from
outside the island and are lost through extirpation. Few
strict examples of islands and provinces exist, but these
definitions create a continuum of the relative contri-
bution of speciation and extinction vs. immigration and
extirpation in determining the diversity of a region’s
biota (e.g., Losos and Schluter 2000).

The distinction between islands and provinces leads
to three types of species—area relationships (Rosen-
zweig 1995): island (1), intraprovincia (P), and inter-
provincia (IP). The relative position of these relation-
shipsin log area—l og species space will differ if factors
other than isolation have contributed to species losses
from islands and predict conditions under which islands
will maintain their pre-isolation diversity. If provincial
diversity is at steady state (S) (i.e., the speciation rate
is equal to the extinction rate) at the time of island
formation, the three relationships will intersect at a
single point (Rosenzweig 1995). Under this scenario,
islands will always lose species following isolation
(Fig. 1A). If provincial diversity is below steady state
at the time of island formation, some islands will be
ableto maintain their pre-isolation diversity, depending
on their size and immigration rate (Fig. 1B). If pro-
vincial diversity is at steady state at the time of island
formation, but extirpation rates on islandsincrease fol-
lowing isolation (Fig. 1C), or the current intraprovin-
cial relationship overestimates the pre-isolation diver-
sity of theislands (Fig. 1D), then the island and intra-
provincial relationships will intersect to the right of the
interprovincial relationship, giving thefalseimpression
that islands must be larger than the province they were
derived from in order to avoid the effects of reduced
immigration rates and maintain their pre-isolation di-
versity.

The prediction that some islands can maintain their
pre-isolation diversity if provincial diversity is below
steady state (Fig. 1B) requires additional comment.
One might argue that some species may persist on is-
lands due to immigration from the continent. If these
species’ source populations were to disappear from the
continent, island diversity would decline, causing S;
(the diversity coordinate of the rotation point in a spe-
cies—arearelationship) to decline with S.. However, for
adecline in S, to occur, the species lost from the con-
tinent must have existed on all the islands prior to the
continental extinction event. S; is common to all island
relationships, so a decline in S; of one species implies
a loss of one species from every island. It is difficult
to explain why a species would be resistant to extir-
pation from small, isolated islands and be prone to
extinction on the continent. A more plausible scenario
would suggest that species lost from the continent are
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Fic. 1. Interpretation of the intersection points of hypothetical intraprovincial (dashed line), island (thin lines), and

interprovincial (thick line) species—area relationships and their implications for conservation of species in reserves. If pro-
vincial diversity is at steady state at the time of island formation (A), the three relationships will intersect at a single point,
and the intersection of the intraprovincial and interprovincial relationships will define the area (Ag) and steady-state diversity
(S) of the province (solid circle) (see Rosenzweig 1995). As islands become increasingly isolated, immigration rates decline,
and species are lost (arrows), causing the island relationship to rotate around a point (Diamond et al. 1976, Rosenzweig
1995, 1999) defined by (Ag, Sk) (open circle, hidden under solid circle). Under this scenario, a provincial biota cannot be
conserved in an area smaller than the province because islands will always lose species (i.e.,, S = S;) (Rosenzweig 1995).
If provincial diversity is below steady state at the time of island formation (B), then S; > S,, and some islands will be able
to maintain their pre-isolation diversity. Islands of size A¢; and A, both contain their pre-isolation diversity, but A, must
be larger than Ag, because it is more isolated and has a lower immigration rate. If provincial diversity is at steady state at
the time of island formation, but extirpation rates on islands increase following isolation (C), S; and the island relationship
will decline, increasing the value of Ag, and Ag,. If the current intraprovincial relationship overestimates the pre-isolation
diversity of the islands (D), the number of species lost from the islands will be exaggerated, causing Ag, and Ag, to be
overestimated. Under scenarios (C) and (D), Ac will fall to the right of the area intercept (As) of the intersection of the
intraprovincial and interprovincial relationships, while Ac = A, under scenario (A), and Az < A, under scenario (B), regardless

of the degree of island isolation or time lags delaying species losses from islands.

likely to have persisted only on large islands with high
immigration rates, limiting diversity only on the largest
islands. The net result would be an island species—area
relationship with a break point that coincides with the
intersection with the intraprovincial relationship (Fig.
1B). This scenario is consistent with data indicating
that species’ distributions on land-bridge islands are
nested and dependent on island area (Wright et al.
1998).

METHODS

| used published data on the distribution of terres-
trial, native, nonvolant mammals on nine island archi-
pelagos to test for evidence of the patterns illustrated
in Fig. 1. | used datafor the tropical Indonesian islands
of the Sunda Shelf (Lawlor 1986) and temperateislands
of Lake Michigan (Hatt et al. [1948], referenced in
Lomolino [1986]), the Gulf of Maine (Crowell 1986),
coastal British Columbia (Lawlor 1986), and the south-

ern coast of Alaska (Conroy et al. 1999). | excluded
the five smallest islands from the Lake Michigan data
set because they greatly inflated variation in the inter-
section estimates due to the ‘‘small-island effect”
(Lomolino and Weiser 2001). Data for terrestrial hab-
itat islands were from montane forests in the Great
Basin (Brown 1971), Colorado Basin (Lomolino et al.
1989), and southern Rocky Mountains (Patterson 1984)
of the southwestern United States and isolated reserves
in the temperate, mixed forest of southeastern Canada
(Gurd and Nudds 1999). The reserves were isolated by
anthropogenic habitat change by European colonists
within the last 300 years (Gurd and Nudds 1999),
whereas the other eight archipelagos were formed at
the end of the last glacial cycle ~9000—-12 000 years
ago. The Canadian reserves and islands of Lake Mich-
igan and the Gulf of Maine belong to the Alleghenian-
Illinoian (Al) mammal region, the Pacific coast islands
to the Vancouverian-Montanian (VM) mammal region,
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and the montane forest islands to the Coloradan mam-
mal region (Hagmeier 1966).

Intraprovincial data were taken from Wilcox (1980)
for the Sunda Shelf; Brown (1971) and Patterson
(1984) for the Coloradan mammal region; and Gurd
and Nudds (1999) for the Al and VM mammal regions.
In five cases, the island and intraprovincial data came
from the same, or related, sources in which authors
ensured that the same habitat was sampled. The Pacific
coast, Lake Michigan, and Maineisland datacamefrom
different sources than the intraprovincial data, but the
intraprovincial data sampled the continental region
from which the islands were derived at a scale com-
mensurate with the size of the islands, providing the
best estimate of the pre-isolation diversity of the is-
lands. Recall that the comparability of island and in-
traprovincial data is not an assumption of this study,
but a condition that | am testing.

Estimating the interprovincial relationship poses
some difficulties. Ideally, provinces should differ only
in size, but delimiting large, evolutionarily independent
areas with similar habitats and climates with reasonable
replication is difficult, if not impossible. In addition,
defining provinces by habitat alone assumes that hab-
itats have not changed in area over evolutionary time.
Because habitat type and climate are highly correlated,
and their effects on mammal diversity are well known,
I chose to define provinces using continental bound-
aries to control variation in provincial area. By in-
cluding habitat and climatic variation between prov-
inces, | have increased variation in the interprovincial
relationship and, therefore, variation in the intersection
points, leading to a more conservative test. Comparison
of an interprovincial relationship (from provinces that
vary in climate and habitat) to island and intraprov-
incial relationships (from aspecific habitat and climate)
will be biased. However, these biases can account for
my results in only one comparison (see Discussion).

To estimate the interprovincial species—area rela-
tionship, | counted the number of terrestrial, native,
nonvolant mammals that occur on landmasses with a
large proportion of endemic species: the five continen-
tal landmasses (Africa, southwest of the Suez Canal;
Asia; Australia; North America; South America, south
of Mexico), the islands of New Guinea and Madagas-
car, and some islands of the Galapagos and the West
Indies, based on distribution data from Honacki et al.
(1982), Morgan and Woods (1986), Steadman et al.
(1991), and Woods et al. (2001). | included species that
became extinct after European colonization of these
provinces.

| used least-squares regression to fit the power form
of the species-area relationship (S = cA? where c and
z are fitted constants) to each data set following log-
arithmic transformation. Results did not differ quali-
tatively when nonlinear regressions were estimated us-
ing maximum likelihood, but least-squares models ac-
counted for more variation in diversity. | then used the
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| east-squares regression equations to estimate the area
intercept at which, respectively, the island and intra-
provincial (Ag) or intra- and interprovincial (Ay) spe-
cies—area relationships intersect. | estimated variation
in Az and A, by calculating the intersection points from
2000 bootstrapped parameter estimates for each re-
gression (Efron 1981). Insufficient data (n = 5) existed
to bootstrap the intraprovincial regression for the Co-
loradan or the Sunda Shelf mammal regions. As a re-
sult, variation in Ag and A, will be underestimated for
these provinces, but bias will be limited because the
intraprovincial regression is used to estimate both Ag
and A,.

I did not test whether island regressions from the
same province share a single rotation point. Robust and
precise estimates of the rotation point require datafrom
at least three archipelagos (two nonparallel lines will
always intersect) that became isolated at different
points in time and were sampled using the same tech-
niques. | was unable to find sufficient data that met
these criteria. Because | could not estimate the island
rotation point, and A, (provincial area) cannot be es-
timated independently of the intersection of the intra-
provincial and interprovincial regressions, | could not
resolve between the patterns in Fig. 1C, D.

REsSULTS

Values of z were of the order expected for the three
types of species—area relationships: interprovincia >
island > intraprovincial (Table 1). The reserves, which
were isolated most recently, had the lowest value of z
among the island regressions. Regression analyses of
the four terrestrial archipelagos and the Lake Michigan
and Gulf of Maine archipelagos indicated that Az <
Ay, whereas analyses of the British Columbia, Alaska,
and Sunda Shelf archipelagos indicated Az > Ay (Fig.
2). The distribution of the bootstrapped estimates (Fig.
3) indicated that the differences between Az and A
were greater than expected due to chance (median test;
N = 2000 bootstrap estimates, P < 0.001 for all com-
parisons). For the British Columbia, Alaska, and Sunda
Shelf archipelagos, A: was one to two orders of mag-
nitude greater than A, and three orders of magnitude
greater than the values of A¢ estimated from the other
archipelagos (Table 2).

DiscussioN

I found no evidence that diversity in any province
is at steady state. Results from six archipelagos, in-
cluding islands and terrestrial isolates, indicated that
diversity in two North American provincesis currently
below steady state. Analyses of the British Columbia,
Alaska, and Sunda Shelf archipelagos could not infer
whether the VM mammal region is at steady state, but
they did indicate that factors other than isolation have
increased the differences in diversity between the in-
traprovincial and island regressions.
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Parameter estimates and statistics for island, intraprovincial, and interprovincial species—arearelationships(where

log S=log c + zlog A) for nonvolant, terrestrial mammals from four different regions.

Relationship N Log c st log ¢ Pt z SE Z Pt R2§

Alleghenian—IIlinoian

Canadian reserves 8 1.32 0.102 <0.0001 0.09 0.035 0.05 0.50

Lake Michigan islands 9 0.17 0.054 0.019 0.29 0.048 0.0006 0.83

Gulf of Maine islands 24 0.68 0.033 <0.0001 0.25 0.021 <0.0001 0.86

Intraprovincial 56 1.57 0.017 <0.0001 0.01 0.006 0.10 0.05
Coloradan

Colorado Basin islands 27 -0.18 0.114 0.117 0.39 0.051 <0.0001 0.70

Great Basin islands 17 —0.46 0.208 0.0415 0.43 0.077 <0.0001 0.68

Rocky Mountain islands 27 -0.27 0.185 0.15 0.36 0.057 <0.0001 0.61

Intraprovincial 5 1.16 0.06
Sunda Shelf

Islands 27 0.54 0.064 <0.0001 0.25 0.022 <0.0001 0.84

Intraprovincial 2 1.19 0.17
Vancouverian—Montanian

British Columbia islands 75 0.11 0.036 0.0035 0.21 0.021 <0.0001 0.58

Alaska islands 24 0.39 0.123 0.005 0.18 0.044 0.0005 0.43

Intraprovincial 58 1.53 0.025 <0.0001 0.03 0.009 0.0034 0.14
Interprovincial 15 -1.67 0.295 <0.0001 0.58 0.053 <0.0001 0.90

Note: Ellipses indicate that statistics are not given where N = 5 observations; N is the number of reserves, islands,

intraprovincial areas, or provinces sampled.
1 The probability that log ¢ = 0.
¥ The probability that z = 0.
§ The proportion of variation in log S explained by log A.

Given the history of the late Pleistocene, it is not
surprising that many of the analyses indicate that mam-
mal diversity is below steady state. Within the last
50000 years, over half of the 150 genera of large mam-
mals (>44 kg) have become extinct (Barnosky et al.
2004). At the Wisconsin maximum 18 000—20 000
years ago, glaciers covered ~48% of North America
Not only did much of the world recently contain more,
and larger, mammal species, but also the ice-free area
of North America was much smaller. The extinction of
large mammals is consistent with the explanation of
how declines in provincial diversity could limit the
diversity of largeislands. Large mammals are likely to
have persisted only on large islands with high immi-
gration rates, so their extinction should not have af-
fected the diversity of small, isolated islands.

Although some mammal provincesin North America
may be below steady-state diversity, this may not be
the case for all provinces or taxa. Some provinces,
particularly those in Africa and Asia, may have main-
tained a larger portion of their Pleistocene fauna (Bar-
nosky et al. 2004) and some provinces may have de-
creased in size since the Pleistocene. Provinces con-
sisting of small, dense pockets of endemic mammals
are priority areas for conservation (Myers et al. 2000),
but may tend to be closer to steady-state diversity than
less diverse regions; thus they require reserves that are
larger or have higher immigration rates to maintain
their diversity. Other taxa may not have experienced
high extinction rates during the Pleistocene, |eading to
provinces closer to steady-state diversity. A plot of the
three species—area relationships for frugivorous birds

of wet tropical forests (Rosenzweig 2003) appears to
predict a single intersection point. Consequently, con-
serving a given proportion of a province may not al-
ways conserve the same proportion of species.

For the British Columbia, Alaska, and Sunda Shelf
archipelagos, it is plausible that island extirpation rates
increased following isolation, or that contemporary in-
traprovincial relationships overestimate the pre-isola-
tion diversity of the islands. All three archipelagos are
mountainous and contain different habitats along an
elevation gradient. As climate change occurred at the
end of the last glacial period, these habitats may have
ascended to higher elevations and decreased in area,
similar to the montane forests in the southwestern Unit-
ed States. Evidence also suggests that the diversity of
the continental Pacific coast has increased since the
islands of British Columbia and Alaska were formed.
The land bridge connecting these islands to the con-
tinent was in place 13500-10500 years ago (Barrie et
al. 1993, Josenhans et al. 1997), but the range of many
North American mammals continued to shift north after
it was flooded (Graham et al. 1996). Alternatively, ex-
tinctions may have been caused by humans settling on
islands prior to European colonization (Steadman
1995).

The archipelagos in which Az < A, were less influ-
enced by these effects, possibly for two reasons. First,
these archipelagos are less isolated than those of the
Pacific coast and Sunda Shelf. Some immigration has
occurred between the montane forest islands (Lomolino
et al. 1989) and periodic ice bridges have facilitated
immigration to the Gulf of Maine and Lake Michigan
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Fic. 2. The observed island (solid circles, thin line), intraprovincial (open circles, dashed line), and interprovincial (open
triangles, thick line) relationships for terrestrial mammals: (A) Colorado Basin, (B) Great Basin, (C) Rocky Mountains, (D)
Canadian parks, (E) Gulf of Maine, (F) Lake Michigan, (G) Sunda Shelf, (H) British Columbia, (I) Alaska.

islands (Crowell 1986, Lomolino 1986). Higher im-
migration rates would have increased the probability
that species with expanding ranges colonized these is-
lands. Second, the montane islands were defined a
priori by a single habitat type and the Gulf of Maine
and Lake Michigan islands have low relief, providing
a stronger relationship between island area and habitat
area. Species typical of surrounding habitats may have
been included in samples of the montane forests and
Canadian parks, reducing the value of Ac. However, Ac
was not less than Ay entirely due to ‘‘spillover” of
species into terrestrial islands, because values of Ag
were comparable between the Gulf of Maine and Lake
Michigan islands and theterrestrial islands. In addition,
| calculated that Ag < Ay for two other archipelagos of

ice-bridge islands in the Al mammal region: islandsin
the St. Lawrence River (Lomolino 1982) and Georgian
Bay (Schmiegelow and Nudds 1987).

Although the interprovincial relationship should be
estimated from provinces that differ only in area, | was
forced to include provinces with different climates and
habitats in the analysis, potentially biasing my results.
Because mammal speciesdiversity isgreater in tropical
regions and lower in temperate regions, | overestimated
A, for the tropical provinces and underestimated A, for
the temperate provinces. In all but two cases, these
biases are in the opposite direction to the effects that
| detected. Consequently, the North American prov-
inces are even farther below steady state and a greater
proportion of the difference in diversity between the
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Fic. 3. The distribution of 2000 bootstrap estimates of the intersection of the island and intraprovincial species—area
relationships (Ag; black bars) and the intersection of the intraprovincial and interprovincial relationships (Ay; gray bars) for
(A) Colorado Basin, (B) Great Basin, (C) Rocky Mountains, (D) Canadian parks, (E) Gulf of Maine, (F) Lake Michigan,
(G) Sunda Shelf, (H) British Columbia, and (I) Alaska. Distributions of some estimates were highly skewed. Values greater

than 10 km? are not shown.

intraprovincial and island relationships of the Sunda
Shelf isdueto factors other than isolation. The estimate
of A, for the VM province is probably too low and
more similar to Ag than my analysis of the British Co-
lumbian or Alaskan archipelagos suggest.

These resultsindicate that |and-bridge islands should
be used cautiously as an empirical model of the effects
of isolation on species richness of reserves. Soulé et
al. (1979) estimated rates of species losses from the
Sunda Shelf islands to predict the future diversity of
East African reserves up to 5000 years following iso-
lation. | calculated the A of their reserve species—area
relationship to be 1082 km?, which is greater than the
area of the seven continents combined, while S; = 181

species. Soulé et al. (1979) conclude, not surprisingly,
that the East African reserves are too small to avoid
species losses due to reduced immigration rates: their
model predicts that the continents are also too small
to avoid these losses. Clearly, thisresult is problematic.
There are far more than 181 species of mammals in
the world and continental immigration rates are, for
most terrestrial mammals, zero. The error is due to the
model’s assumption that species |osses from theislands
were entirely due to reduced immigration rates follow-
ing isolation.

To separate the effects of decreased immigration rate
and increased extirpation rate on island diversity, a
rotation point should be part of an explicit definition
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TaBLE 2. Observed (Obs.) and bootstrapped estimates of the intersection of the island and intraprovincial species-area
relationships (Ag) and the intersection of theintraprovincial and interprovincial species—arearelationships(Ay) for nonvolant,

terrestrial mammals.

Ac (km?) Ay (km?) Ag as a percentage of Ay
Bootstrapped Bootstrapped Bootstrapped
values values values

Archipelago Obs. Mean Median Obs. Mean Median Obs. Mean Median
Colorado Basin islands 10409 10410 10409 10542 10544 10544 4.68 4.57 4.47
Great Basin islands 1047 1044 10438 10542 1054 1054 8.91 9.33 8.71
Rocky Mountain islands 10477 10587 10477 10542 10544 10544 22.39 269.15 21.38
Canadian parks 10%27 10865 10324 10569 1057 10570 0.38 0.87 0.35
Gulf of Maine islands 1037 1088 10877 10569 1057 1057 1.23 1.26 1.17
Lake Michigan islands 10810 1054 1051 10569 1057 1057 25.70 26.92 25.70
Sunda Shelf islands 107 10878 10786 1089 107 1069 870.96 6025.60 812.83
British Columbia islands 10772 10782 1077 10578 10580 1057 8709.64 10471.29 8128.31
Alaska islands 107 1078 10742 10578 105 1057 3981.07 11220.18 4265.80

of a species—area relationship for islands formed
through fragmentation of a province. Following the
point-slope equation for alogarithmically transformed
island relationship,

log § — log S; = z(log A, — log Ag)

which gives
S = S(A/A)*. 1)

This equation replaces the parameter ¢, with S; and Ag,
which are functionally related to S, and A, respec-
tively, supporting Gould’s (1979) suggestion that c; in-
cludes other parameters related to the ecology and evo-
lution of an archipelago’s biota. An increase in z will
reflect adecreasein immigration rates, while adecrease
in S; will reflect an increase in extirpation rates. To
quantify the effect of factors other than isolation on
species losses from the Sunda Shelf islands, | used Eq.
1 to force the island relationship calculated by Soulé
et a. (1979) through the intersection of their intra-
provincial relationship and the interprovincial relation-
ship given in Table 1. The revised island relationship
is § = 3.72A%?%, whereas the original relationship is
S = 1.52A%%, suggesting that over half of the species
absent from the islands were lost due to factors other
than decreased immigration rates.

When provincial diversity is below steady state, re-
serve planners can trade off immigration rate and re-
serve size, within limits, without affecting species per-
sistence in reserves. Estimating the rotation point of
the island species—area relationship will allow reserve
planners to quantify this trade-off and to assess the
costs of larger reserves compared to immigration cor-
ridors or active transport of species between reserves.
This trade-off could be incorporated into reserve-se-
lection algorithms (e.g., Rothley 1999, Margules and
Pressey 2000) to design a system of reserves that meets
goals for both the presence and persistence of species.
For example, | estimated the combinations of z and A¢
that would allow reserves in the Al mammal region to

maintain their pre-fragmentation diversity by solving
the equation

SALAR)? = CAE 2

for Ag, given different values of z. | assumed that the
point of rotation for the island relationship was given
by the intersection of the island regressions fit to the
Canadian reserves and Lake Michigan islands (Ag =
105 km?;, S; = 69 species). The relationship between
Ac and z is close to linear (z = 0.118 + 1057 Ap)
and suggests that a doubling of reserve area can com-
pensate for a 50% increase in isolation. If the rela-
tionship between immigration rate and some measure
of isolation were known, then the threshold isolation
above which species would be lost could be cal cul ated.
Note that the relationship between z and A is likely
to vary between provinces.

The rotation point can also be used to identify ex-
isting reserves that are in danger of losing species. The
slopes of the interprovincial (0.58) and Al intraprov-
incial (0.01) relationships can be considered to be in-
dexes of the minimum and maximum possible immi-
gration rates. The slope of the line connecting a point
on the intraprovincial relationship at 12000 km? and
the island rotation point, which is an index of the min-
imum immigration rate that a reserve can endure with-
out losing species, is 0.14. This represents a maximum
decline in immigration rate of 25%. If the actual im-
migration rate for a non-isolated reserve were known,
then a minimum target immigration rate could be cal-
culated and compared to immigration rates of existing
isolated reserves of the same size. Reserves below the
target will need to be larger or experience a higher
immigration rate to avoid species losses in the future.

It is important to recognize that even if provinces
are below steady state, careful planning of reserves may
not avoid species|ossesindefinitely (Rosenzweig 2001,
2003). The persistence of species in reserves assumes
that the quantity and quality of habitats within reserves
are temporally stable. As discussed earlier, reduction
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in habitat quality or quantity through stochastic events,
such as climate change (Peters and Darling 1985) or
fire (Pickett 1978), may cause species to be extirpated
from reserves for long periods of time or even per-
manently. Ultimately, reducing a species' range size or
population size to the confines of a system of reserves
may never come without an increased risk of extinction.
By devising ways to design more efficient reserves,
perhaps more species will persist long enough for so-
ciety to learn to create more habitat for them.

ACKNOWLEDGMENTS

| thank B. Crespi, A. deBruyn, T. Lacourse, A. &. Mooers,
P Nosil, T. D. Nudds, S. L. Pimm, M. L. Rosenzweig, H.
Rundle, D. Schluter, W. Stein, and Y. Wiersma for beneficial
comments on earlier drafts of the manuscript. | also thank B.
Smith for assistance with computations.

LITERATURE CITED

Barnosky, A. D., P L. Koch, R. S. Feranec, S. L. Wing, and
A. B. Shabel. 2004. Assessing the causes of late Pleisto-
cene extinctions on the continents. Science 306:70-75.

Barrie, J. V., K. W. Conway, R. W. Mathewes, H. W. Josen-
hans, and J. Marji. 1993. Submerged late Quaternary ter-
restrial deposits and paleoenvironment of northern Hecate
Strait, British Columbia continental shelf, Canada. Qua-
ternary International 20:123-129.

Brashares, J. S., P Arcese, and M. K. Sam. 2001. Human
demography and reserve size predict wildlife extinction in
West Africa. Proceedings of the Royal Society of London
B 268:2473-2478.

Brooks, T. M., S. L. Pimm, and J. Oyugi. 1999. Time lag
between deforestation and bird extinction in tropical forest
fragments. Conservation Biology 13:1140-1150.

Brown, J. H. 1971. Mammals on mountaintops: nonequilib-
rium insular biogeography. American Naturalist 105:467—
478.

Case, T. J. 1975. Species numbers, density compensation,
and colonizing ability of lizards on islands in the Gulf of
California. Ecology 56:3-18.

Conroy, C. J., J. R. Demboski, and J. A. Cook. 1999. Mam-
malian biogeography of the Alexander Archipelago of
Alaska: a north temperate nested fauna. Journal of Bio-
geography 26:343-352.

Crowell, K. L. 1986. A comparison of relict versus equilib-
rium models for insular mammals of the Gulf of Maine.
Biological Journal of the Linnean Society 28:37—64.

Diamond, J. M. 1972. Biogeographic kinetics: estimation of
relaxation times for avifaunas of Southwest Pacific |slands.
Proceedings of the National Academy of Sciences (USA)
69:3199-3203.

Diamond, J. M. 1984. ““‘Normal’’ extinctions of isolated pop-
ulations. Pages 191-246 in M. H. Nitecki, editor. Extinc-
tions. University of Chicago Press, Chicago, Illinois, USA.

Diamond, J. M., M. E. Gilpin, and E. Mayr. 1976. Species—
distance relations for birds of the Solomon Archipelago,
and the paradox of the great speciators. Proceedings of the
National Academy of Sciences (USA) 73:2160—2164.

Efron, B. 1981. Nonparametric standard errors and confi-
dence intervals. Canadian Journal of Statistics 9:139-172.

Ferraz, G., G. J. Russell, P. C. Stouffer, R. O. Bierregaard,
Jr., S. L. Pimm, and T. E. Lovejoy. 2003. Rates of species
loss from Amazonian forest fragments. Proceedings of the
National Academy of Sciences (USA) 100:14069-14073.

Foufopoulos, J., and A. R. Ives. 1999. Reptile extinctionson
land-bridge islands: life-history attributes and vulnerability
to extinction. American Naturalist 153:1-25.

Goodfriend, G. A., and R. M. Mitterer. 1988. Late Quaternary
land snails from the north coast of Jamaica: local extinc-

D. BRENT GURD

Ecological Applications
Vol. 16, No. 1

tions and climatic change. Palaeogeography, Palaeocli-
matology, Palaeoecology 63:293-311.

Gould, S. J. 1979. An allometric interpretation of species—
area curves: the meaning of the coefficient. American Nat-
uralist 114:335-343.

Graham, R. W., et al. 1996. Spatial response of mammalsto
late Quarternary environmental fluctuations. Science 272:
1601-1606.

Gurd, D. B., and T. D. Nudds. 1999. Insular biogeography
of mammals in Canadian parks: a re-analysis. Journal of
Biogeography 26:973-982.

Gurd, D. B., T. D. Nudds, and D. H. Rivard. 2001. Conser-
vation of mammals in eastern North American wildlifere-
serves: how small is too small? Conservation Biology 15:
1355-1363.

Hagmeier, E. M. 1966. A numerical analysis of the distri-
butional patterns of North American mammals. |1. Re-eval-
uation of the Provinces. Systematic Zoology 15:279-299.

Hatt, R. T., J. Van Tyne, L. C. Stuart, and C. H. Pope. 1948.
Island life in Lake Michigan. Cranbrook Institute of Sci-
ence Bulletin 27:1-175.

Honacki, J. H., K. E. Kinman, and J. W. Koeppl. 1982. Mam-
mal species of the world. Allen Press and the Association
of Systematics Collections, Lawrence, Kansas, USA.

Josenhans, H., D. Fedje, P. Reinhard, and J. Southon. 1997.
Early humans and rapidly changing Holocene sea levelsin
the Queen Charolotte I slands-Hecate Strait, British Colum-
bia, Canada. Science 277:71-74.

Lawlor, T. E. 1986. Comparative biogeography of mammals
on islands. Biological Journal of the Linnean Society 28:
99-125.

Lomolino, M. V. 1982. Species-area and species—distance
relationships of terrestrial mammalsin the Thousand Island
region. Oecologia 54:72—75.

Lomolino, M. V. 1986. Mammalian community structure on
islands: the importance of immigration, extinction and in-
teractive effects. Biological Journal of the Linnean Society
28:1-21.

Lomolino, M. V., J. H. Brown, and R. Davis. 1989. Island
biogeography of montane forest mammalsin the American
southwest. Ecology 70:180-194.

Lomolino, M. V., and M. D. Weiser. 2001. Towards a more
general species—area relationship: diversity on all islands,
great and small. Journal of Biogeography 28:431-445.

Losos, J. B., and D. Schluter. 2000. Analysis of an evolu-
tionary species—area relationship. Nature 408:847-850.

MacArthur, R. H., and E. O. Wilson. 1967. The theory of
island biogeography. Princeton University Press, Princeton,
New Jersey, USA.

Margules, C. R., and R. L. Pressey. 2000. Systematic con-
servation planning. Nature 405:243-253.

Morgan, G. S., and C. A. Woods. 1986. Extinction and the
zoogeography of West Indian land mammals. Biological
Journal of the Linnean Society 28:167-203.

Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A. B. da
Fonseca, and J. Kent. 2000. Biodiversity hotspots for con-
servation priorities. Nature 403:853-858.

Newmark, W. D. 1987. A land-bridge island perspective on
mammalian extinctions in western North American parks.
Nature 325:430—-432.

Newmark, W. D. 1995. Extinction of mammal populations
in Western North American national parks. Conservation
Biology 9:512-526.

Newmark, W. D. 1996. Insularization of Tanzanian parksand
the local extinction of large mammals. Conservation Bi-
ology 10:1549-1556.

Owens, |. P F, and P M. Bennett. 2000. Ecological basis of
extinction risk in birds: habitat 1oss versus human perse-
cution and introduced predators. Proceedings of the Na-
tional Academy of Sciences (USA) 97:12144-12148.



February 2006

Parks, S. A., and A. H. Harcourt. 2002. Reserve size, local
human density, and mammalian extinctions in U.S. pro-
tected areas. Conservation Biology 16:800—808.

Patterson, B. D. 1984. Mammalian extinction and biogeog-
raphy in the southern Rocky Mountains. Pages 245-293 in
M. H. Nitecki, editor. Extinctions. University of Chicago
Press, Chicago, Illinois, USA.

Peters, R. L., and J. D. S. Darling. 1985. The greenhouse
effect and nature reserves. BioScience 35:707—717.

Pickett, S. T. A. 1978. Patch dynamics and the design of
nature reserves. Biological Conservation 13:27-37.

Pimm, S. L., and R. A. Askins. 1995. Forest losses predict
bird extinctions in eastern North America. Proceedings of
the National Academy of Sciences (USA) 92:9343-9347.

Pregill, G. K., and S. L. Olson. 1981. Zoogeography of West
Indian vertebratesin relation to Pleistocene climatic cycles.
Annual Review of Ecology and Systematics 12:75-98.

Richman, A.D., T. J. Case, and T. D. Schwaner. 1988. Natural
and unnatural extinction rates of reptiles on islands. Amer-
ican Naturalist 131:611-630.

Rosenzweig, M. L. 1995. Speciesdiversity in space and time.
Cambridge University Press, Cambridge, UK.

Rosenzweig, M. L. 1999. Species diversity. Pages 249-281
in J. McGlade, editor. Advanced ecological theory. Black-
well Scientific, Oxford, UK.

Rosenzweig, M. L. 2001. Loss of speciation rate will im-
poverish future diversity. Proceedings of the National
Academy of Sciences (USA) 98:5404-5410.

Rosenzweig, M. L. 2003. Reconciliation ecology and the
future of species diversity. Oryx 37:194-205.

Rothley, K. D. 1999. Designing bioreserve networks to sat-
isfy multiple, conflicting demands. Ecological Applications
9:741-750.

Schmiegelow, F K. A, and T. D. Nudds. 1987. Island bio-
geography of vertebrates in Georgian Bay |Islands National
Park. Canadian Journal of Zoology 65:3041-3043.

Soulé, M. E. 1991. Conservation: tacticsfor aconstant crisis.
Science 253:744—750.

Soulg, M. E., and M. A. Sanjayan. 1998. Conservation tar-
gets: do they help? Science 279:2060—2061.

SPECIES LOSSES FROM ISLANDS

185

Soulé, M. E., and J. Terborgh. 1999. Conserving nature at
regional and continental scales: a scientific program for
North America. BioScience 49:809-817.

Soulé, M. E., B. A. Wilcox, and C. Holtby. 1979. Benign
neglect: a model of faunal collapse in the game reserves
of East Africa. Biological Conservation 15:259-272.

Steadman, D. W. 1995. Prehistoric extinctions of Pacific |Is-
land birds: biodiversity meets zooarchaeology. Science
267:1123-1131.

Steadman, D. W., T. W. Stafford, Jr., D. J. Donahue, and A.
J. T. Jull. 1991. Chronology of Holocene vertebrate ex-
tinction in the Gal apagos I slands. Quaternary Research 36:
126-133.

Terborgh, J. 1974. Preservation of natural diversity: the prob-
lem of extinction prone species. BioScience 24:715-722.
Turner, |. M. 1996. Species loss in fragments of tropical rain
forest: a review of the evidence. Journal of Applied Ecol-

ogy 33:200-209.

Wiersma, Y. F, and T. D. Nudds. 2001. Comparison of meth-
ods to estimate historic species richness of mammals for
tests of faunal relaxation in Canadian parks. Journal of
Biogeography 28:447-452.

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips, and E.
Losos. 1998. Quantifying threats to imperiled species in
the United States. BioScience 48:607—616.

Wilcox, B. A. 1978. Supersaturated island faunas: a species—
age relationship for lizards on post-Pleistocene land-bridge
islands. Science 199:996—998.

Wilcox, B. A. 1980. Insular ecology and conservation. Pages
95-117 in M. E. Soulé and B. A. Wilcox, editors. Con-
servation biology: an evolutionary—ecological perspective.
Sinauer Associates, Sunderland, Massachusetts, USA.

Woods, C. A., R. B. Paez, and C. W. Kilpatrick. 2001. Insular
patterns and radiations of West Indian rodents. Pages 335—
353inC. A. Woods and F. E. Sergile, editors. Biogeography
of the West Indies: patterns and perspectives. CRC Press,
Boca Raton, Florida, USA.

Wright, D. H., B. D. Patterson, G. M. Mikkelson, A. Cutler,
and W. Atmar. 1998. A comparative analysis of nested
subset patterns of species composition. Oecologia 113:1—
20.



