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The looming mass extinction of biodiversity in the humid tropics
is a major concern for the future', yet most reports of extinctions
in these regions are anecdotal or conjectural, with a scarcity of
robust, broad-based empirical data®*. Here we report on local
extinctions among a wide range of terrestrial and freshwater taxa
from Singapore (540km?) in relation to habitat loss exceeding
95% over 183 years™‘. Substantial rates of documented and
inferred extinctions were found, especially for forest specialists,
with the greatest proportion of extinct taxa (34-87%) in
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butterflies, fish, birds and mammals. Observed extinctions
were generally fewer, but inferred losses often higher, in vascular
plants, phasmids, decapods, amphibians and reptiles (5-80%).
Forest reserves comprising only 0.25% of Singapore’s area now
harbour over 50% of the residual native biodiversity. Extrapol-
ations of the observed and inferred local extinction data, using a
calibrated species—area model”’, imply that the current unpre-
cedented rate of habitat destruction in Southeast Asia'® will
result in the loss of 13—42% of regional populations over the
next century, at least half of which will represent global species
extinctions.

Tropical forests represent the Earth’s major reservoir of terrestrial
biodiversity*'!, yet these biomes are now gravely imperilled by
anthropogenic change, including deforestation and habitat degra-
dation'>"?, overexploitation of plant and animal populations', and
the introduction of invasive species'. If we are to avert or at least
mitigate catastrophic loss of species in these areas, it is vital to
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Figure 1 Observed and projected biodiversity loss in Singapore, 1819-2002.

a, Observed (recorded) and inferred extinction rates for vascular plants (PLA; number of
modern, historically recorded and inferred species is 1,683, 2,277 and 6,549,
respectively), freshwater decapod crustaceans (DEC; 16, 23, 82), phasmids (PHA; 33, 41,
100), butterflies (BUT; 236, 381, 863), freshwater fish (FIS; 35, 61, 269), amphibians
(AMP; 25, 27, 87), reptiles (REP; 117, 123, 228), birds (BIR; 144, 218, 347) and
mammals (MAM; 26, 45, 117). b, Combining the data from a provides a probability
distribution of potential total species extinctions for all taxa (dashed line) and animal taxa
only (continuous line), given a habitat loss exceeding 95% over a 183-year period. This
was derived via computer re-sampling of the extinction data by assuming that the true
extinction rate was equally and independently likely to lie anywhere between the observed
and inferred proportions for each taxa. The vertical line indicates the mean of the animal
taxa distribution.
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understand the taxonomic and ecological selectivity'’, rate® and
extent'® of local extinctions in already heavily deforested regions.
However, until now a lack of appropriate knowledge and infra-
structure in mostly developing tropical countries>*'” has forced an
inevitable reliance on indirect measures and theoretical projections
of extinctions™””.

We used both historical and modern checklists of species occur-
rences'® from tropical Singapore (103° 50" E, 1° 20" N) to estimate
local extinctions' in a wide range of taxa over a 183-year period in
relation to large-scale habitat loss (Supplementary Information
provides a complete catalogue of checklists). Since the British first
established a presence in Singapore in 1819, more than 95% of the
estimated 540km” of original vegetation cover has been entirely
cleared®", and less than 10% of the 24 km? of remaining forest is
primary (the majority being secondary re-growth)’. We focused on
relatively well-studied taxonomic groups; that is, vascular plants,
freshwater decapod crustaceans, phasmids, butterflies, freshwater
fish, amphibians, reptiles, birds and mammals (excluding bats).
However, given that a large fraction of the island’s forest had already
been cleared before the first reliable species records in the 1870s, the
extinction of many species most sensitive to disturbance probably
went unrecorded®®'>'®. To account for this gap, we also used
checklists from nearby Peninsular Malaysia (assuming an equivalent
species composition in corresponding habitats) to infer the
possible pristine species composition of Singapore in 1819 (see
Methods). The loss of local populations is highly relevant to global
extinctions, because species disappear after all local populations
have become extinct*'”. Our analyses provide an empirical
complement to the use of species distribution maps that infer less
directly the extinction of populations from documented range
reductions™.

The observed local extinction rates in Singapore (Fig. la, shaded
bars) were variable across taxonomic groups (G = 67.4, degrees of
freedom (d.f.) = 8, P < 0.001). The overall loss of biodiversity was
at least 28% (881 of 3,196 recorded species). Extinctions of
butterflies, freshwater fish, birds and mammals (the most visible
and well-studied animal taxa) were high (34-43%) and quite
consistent (G = 1.45, d.f. =3, P=10.694) in the face of large-
scale deforestation and habitat modification. Similarly, roughly a
quarter of all vascular plant, freshwater decapod crustacean and
phasmid species have disappeared. Conversely, amphibians and
reptiles have apparently suffered comparatively fewer extinctions
(5-7%). Our estimates of the possible (inferred) biodiversity loss in
Singapore (Fig. 1a, white bars) suggest that the total local extinction
of species (recorded and unrecorded) may be as high as 73%. The
differences between observed and inferred extinctions are relatively
small for some taxa (for example, 34—59% in birds), but substantial
in others (7-71% in amphibians). A simple combinatorial simu-
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lation of the observed—inferred proportional extinction bounds
data (see Methods) produces a probability distribution of total
biodiversity loss (Fig. 1b) peaking at 50.4% (95% confidence
interval = 41.2-59.6%).

Most evidence indicates that the true biodiversity loss in Singa-
pore is closer to our inferred than observed estimates. Although
extinctions are notoriously difficult to document with certainty”’,
the small and intensively sampled area of remaining forest means
that our extinction data probably include few ‘false negatives’. Our
extant species lists also include long-lived species with populations
too small to be viable in the long term (for example, white-bellied
woodpecker Dryocopus javensis (<5 individuals present), banded
leaf monkey Presbytis femorallis (<15) and cream-coloured giant
squirrel Ratula affinis (<10))*. These ‘living dead’ taxa will almost
certainly become extinct in the coming decades*®. Some buffering of
Singapore’s local populations through re-colonization from neigh-
bouring Malaysia has probably occurred (thereby increasing their
resilience to extinction), but is believed to have been relatively low
because of the poor dispersal abilities of most of the taxa treated, as
well as ethological and habitat barriers (water, extensive mangroves
and urban and agricultural development along the adjacent coast-
lines) impeding even mobile species such as birds*. Peninsular
Malaysia itself has already lost about 60% of its pristine habitat in
historical times (so past unrecorded extinctions are also expected
there)*, and its biota has not been as exhaustively studied as
Singapore’s. This suggests that Peninsular Malaysia has almost
certainly experienced some extinctions in the past 200 years, and
that it is unlikely the current biodiversity of this region substantially
exceeds the past diversity in Singapore, despite the latter’s smaller
geographical area. We therefore regard our inferred extinction
estimates as conservative.

The differing magnitude of observed extinctions across taxo-
nomic groups is probably due in part to a complex generational
scaling effect on long-term population persistence. Larger organ-
isms require more habitat area to support viable populations, but
also tend to live longer®*. These taxa (including most remaining tree
species) may persist long after habitat reduction®, but carry the
burden of a past habitat-loss debt*® that consigns them to future
extinction®®. Invertebrates (for example, butterflies) require rela-
tively less habitat to persist, but have already passed through many
generations of ‘relaxation™ since deforestation, and may therefore
most closely reflect the equilibrium end-point for all taxa. Small
vertebrates (for example, frogs and lizards) also need less pristine
forest area than birds or mammals, but have longer generation times
than invertebrates* and have therefore spent fewer generations near
a critical extinction threshold. It is also likely that the existence and
subsequent extinction of many smaller, more cryptic organisms
simply went unrecorded. For example, four of the six species of

Table 1 Potential future biodiversity losses in Singapore and extrapolations to Southeast Asia

Taxon Percentage of species restricted to Singapore’s reserves*  Total percentage extinct with loss of reservest  Projected percentage biodiversity loss in SE Asia by 21001
Vascular plants Majority of native species®?® (not quantified) 12-44
Decapods® 81 (13) 87 (x2.9) 14-50
Phasmids 100 (33) 100 (x 5.1) 9-38
Butterflies 63 (149) 77 (x2.0) 19-43
Fish® 60 (21) 77(x1.8) 21-58
Amphibians 76 (19) 78 (x 10.5) 3-41
Reptiles 50 (59) 52 (% 10.7) 2-25
Birds 8(12) 39(x1.1) 16-32
Mammals 46 (12) 69 (% 1.6) 21-48
Weighted Mean 50 (312) 66 (x2.1) 13-42

*Reserves are Bukit Timah (71 ha), Nee Soon (935 ha), MacRitchie (484 ha), Lower Pierce forest (50 ha) and Botanic Gardens (7 ha). Numbers in parentheses are total number of species per taxon restricted

to the reserves.

T Calculated as (number species extinct + number species restricted to reserves)/original number of species. Numbers in parentheses indicate (number species extinct + number species restricted to
reserves)/number species extinct; for example, (x2.0) signifies a twofold increase in the extinction rate. Based on recorded extinctions only, so represents a minimum estimate of biodiversity loss.

T Extrapolation of regional population extinctions based on a species—area curve scaling constant z fitted to each taxon’s respective recorded and inferred habitat loss—extinction rate relationship in
Singapore, proportion of original regional forest cover lost to date, and the present rate of deforestation in Southeast Asia as documented by ref. 10.

§Freshwater only (excludes marine species).
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freshwater crabs on the island were discovered only over the last 20
years*.

Most extinctions occurred among those biota restricted to forest
habitats (primary or secondary rainforest or mangrove forest
interiors). The overall documented local extinction rate for forest
specialists was 33% (n = 2,542), compared with only 7% (n = 654)
for species that prefer or tolerate open or forest-edge habitats. These
habitat-specific extinctions were particularly severe in freshwater
fish, birds and mammals, which lost 53%, 67% and 59% of their
forest species, respectively, compared with only 0%, 11% and 13%
of their open-habitat counterparts.

Forest birds provide the best quantitative data on the rate and
selectivity of the extinctions. Singapore’s contemporary bird fauna
is characterized by a predominance of open-habitat generalists,
migrants and invasives”’, because since 1923, 61 of the 91 known
forest-dependent species have become extinct'®. Furthermore, up to
168 species may have once resided in Singapore (based on forest
bird diversity in Peninsular Malaysia), implying extinction of up to
46% of species before the first reliable checklists were compiled (in
strong agreement with other measures of relaxation rates in tropical
bird communities®), and a total species loss of 82% since 1819. A
binary logistic regression model relating the likelihood of extinction
to habitat preference (forest interior, forest edge, open) and body
length (mm) was highly significant (G = 94.5, d.f. = 4, P < 0.001)
and provided strong concordance with the empirical extinction data
(76.3% overall concordance, or 65.9% for habitat alone). Large
forest-interior species were most vulnerable and small open-habi-
tat-preferring species least so.

The predominant cause of Singapore’s extinctions was undoubt-
edly rapid and large-scale habitat destruction, initially through
deforestation for agriculture, and later, urban development’.
Habitat loss, fragmentation and modification cause extinctions by
reducing breeding and feeding sites, increasing predation, soil
erosion and nutrient loss, limiting dispersal, and enhancing edge
effects"*'>?°. However, factors such as over-hunting and collecting
may have also been important®', especially for the larger ver-
tebrates—the last tiger (Panthera tigris corbetti) was shot in 1930.
In addition, heavy shelling of the nature reserves during World War
IT had an undocumented but presumably detrimental impact on the
forest fauna'.

The future prospects for Singapore’s surviving biodiversity
look bleak—77% of the island’s species are considered ‘threatened’,
based on the World Conservation Union (IUCN) regional listing
criteria®®. Furthermore, our estimates show that the few remaining
protected nature reserves, which occupy only 1,547 ha (or 0.25%
of the total land area)>'®, harbour exclusively at least 50% (316)
of species from the animal taxa we assessed, and a high (but
unquantified) number of plant species. The loss of these reserves
would more than double the observed fraction of species driven to
extinction (Table 1). Birds are unusual among the taxonomic
groups we examined in having few species dependent on the
reserves, but only because most of the forest species are already
extinct'®. Of particular concern is the lack of redundancy in the
present reserve system. For instance, a quarter of the surviving
freshwater decapod crustacean and fish fauna are now restricted to
only a small (5 ha) area in a single reserve (Nee Soon)*®, reinforcing
the view that reserve designs that emphasise single representations
of many species can be a poisoned chalice™.

What can local extinctions in Singapore tell us about the larger
biodiversity crisis now affecting the tropical forests of Southeast
Asia*”'?, which support a comparable biota? Few other areas in
Southeast Asia have hitherto suffered from such extensive habitat
loss as Singapore (regional average is 46% loss of original forest
cover’), yet projections of current rates of regional deforestation
(0.71% yr~")'® imply an overall deforestation of 74% in Southeast
Asia by the year 2100. We fitted our observed and inferred extinction
data to the species—area relationship’'®, and used this empirically
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calibrated model to estimate the number of species likely to become
extinct or consigned to extinction in Southeast Asia over the next
century (see Methods). We predict the overall loss of 13-42% of
regional populations due to the effects of deforestation in Southeast
Asia by the end of the present century (see Table 1 for a taxonomic
break down), at least half of which are likely to represent global
species extinctions, given estimates of regional endemicity®”'".
Realized extinctions may be even higher, given the additional
pressures of overexploitation, displacement by exotic species, cli-
mate change and loss of non-forest habitats"*'*, proportionally
higher rates of deforestation in the biodiversity hotspots'®'!,
and probable buffering of local populations in Singapore by re-
colonizations. Clearly, large-scale conservation efforts need to
be implemented if these regional rates of extinction are to be

abated. O

Methods

Quantifying local extinctions

The equatorial island of Singapore offers a unique opportunity to analyse the long-term
phenomenological response of tropical biota to massive habitat loss, fragmentation and
degradation, providing a ‘microcosm’ of the tropical biodiversity crisis. Its typically
Southeast Asian terrestrial and freshwater biotas have been studied in detail by amateur
naturalists and professional biologists for over a century”'®*, and modern biodiversity
surveys have provided a relatively exhaustive coverage of the few remaining habitat areas™.
Past and present taxonomic inventories from Singapore were compiled by sourcing all
primary, secondary and ‘grey’ literature (checklists and scientific surveys) and the major
contemporary biological reference material covering Peninsular Malaysia (see the
Supplementary Information for a full listing). Recorded extinctions were defined using
standard IUCN guidelines®*>. Observed proportional extinctions were calculated as

(H — M)/H and inferred extinctions as (P — M)/P, where H and M are the size of the
historical and modern Singaporean checklists, respectively, and P is the size of the modern
checklists of Peninsular Malaysia.

We excluded montane, savanna, lacustrine and large river taxa from the species list
for Peninsular Malaysia because Singapore lacks these habitats. Singapore has been
separated from Peninsular Malaysia by a narrow (600-m wide), shallow (10-m deep)
strait for only a few thousand years®, resulting in very low endemism, with only three
endemic decapod crustacean species and one endemic subspecies of bird from the taxa
studied. Therefore, the extinctions that we are reporting are population extinctions'?’.
These compiled data show that Singapore possessed a minimum (if we consider only
documented records) of 37% of the biodiversity of Peninsular Malaysia (63% for
birds).

Simulation of the uncertainty distribution of extinctions

Our estimates of the observed and inferred total species losses were combined by
assuming: (1) that the true point estimate of the fraction of extinct biota for each taxon
falls somewhere between these two bounds, with equal probability (that is, a uniform
distribution); and (2) that the position of the extinction fraction within these bounds was
independent across taxa. Repeated computer-aided re-sampling of point estimates
within the extinction bounds data for each taxonomic group was combined across all
represented taxa (and separately, just the animal taxa) and used to construct a probability—
frequency distribution of species loss (Fig. 1b, based on 30,000 simulation replicates).
Vascular plants comprised 71-77% of Singapore’s total original biodiversity of these
groups, and thus had a strong influence on the shape and uncertainty of the resulting
probability distribution.

Extrapolation to Southeast Asia

Previous estimates of possible future biodiversity loss in Southeast Asia”'>'® have relied on
extrapolations using the species—area relationship (SAR), defined as S = cA®, where S is
the ratio of contemporary to original species composition, A is the ratio of present to
original habitat area, and ¢ and z are constants®’. Previous extrapolations have assumed a
value of z = 0.25. We built on this approach by using our empirical data to ‘calibrate’ z for
each of the nine taxonomic groups we studied, and used both the observed and inferred
local extinction estimates to encompass the major uncertainties.

To solve the SAR for z, we used a different S for each taxonomic group and set A for
Singapore as 4.3%®", resulting in values of z and S (observed, inferred) as follows:
vascular plants, z = (0.10,0.43) and S = (0.74,0.26); freshwater decapod crustaceans,
z=(0.11,0.51) and S = (0.70,0.20); phasmids, z = (0.07,0.35) and S = (0.80,0.33);
butterflies, z = (0.15,0.42) and S = (0.62,0.27); freshwater fish, z = (0.18,0.65) and
S = (0.57,0.13); amphibians, z = (0.02,0.40) and S = (0.93,0.29); reptiles, z = (0.02,0.22)
and S = (0.95,0.51); birds, z = (0.13,0.28) and S = (0.66,0.41); mammals,
z=(0.17,0.48) and S = (0.58,0.22); weighted average, z = (0.11,0.42) and
S = (0.73,0.28). Extrapolations for Southeast Asia from 1997 to 2100 (a 103-year period)
assumed an annual regional deforestation rate'® of 0.71% yr~ " and A (1997) = 46%7, giving
A 2100 = 0.54(1 — 0.0071)".

Our approach has the advantage of incorporating regional- and taxon-specific
information into the projections (than rather than assuming a single universal value of
z for all groups), and emphasises the complementary way in which local extinction and
regional habitat-loss studies can be combined to produce biologically and empirically
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grounded estimates of future biodiversity loss. Limitations on the reliability of this
method include the difficulty in estimating the proportion of contemporary biota in
Singapore that has not yet reached relaxation (that is, presently surviving, but committed
to future extinction)'**, the unknown extent to which supplemental migration from
mainland Malaysia may have buffered local populations in Singapore from extinction, the
uncertainties in estimating the true pristine biodiversity of the island, given the likelihood
of past habitat-loss-related extinctions in Peninsular Malaysia, and the uneven
geographical distribution of endemic biodiversity ‘hotspots’', which currently suffer from
higher rates of deforestation and degradation than the average of the entire region'.
Collectively, these potential biases suggest that our projected regional losses are likely to be
conservative.
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Productivity-hiodiversity
relationships depend on the history
of community assembly

Tadashi Fukami* & Peter J. Morin+
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Identification of the causes of productivity—species diversity
relationships remains a central topic of ecological research"*.
Different relations have been attributed to the influence of
disturbance®*, consumers™®, niche specialization’ and spatial
scale®™'*. One unexplored cause is the history of community
assembly, the partly stochastic sequential arrival of species
from a regional pool of potential community members. The
sequence of species arrival can greatly affect community struc-
ture>™"°. If assembly sequence interacts with productivity to
influence diversity, different sequences can contribute to vari-
ation in productivity—diversity relationships. Here we report a
test of this hypothesis by assembling aquatic microbial commu-
nities at five productivity levels using four assembly sequences.
About 30 generations after assembly, productivity—diversity
relationships took various forms, including a positive, a hump-
shaped, a U-shaped and a non-significant pattern, depending on
assembly sequence. This variation resulted from idiosyncratic
joint effects of assembly sequence, productivity and species
identity on species abundances. We suggest that the history of
community assembly should be added to the growing list of
factors that influence productivity—biodiversity patterns.

Productivity, the amount of energy available for ecosystem
development in a given location, has a major effect on species
diversity”* 2>, Until recently, hump-shaped relationships, in which
diversity peaks at intermediate productivity levels, were the most
widely observed pattern®~*°. We now know that the relationship
takes many forms, including hump-shaped, U-shaped, positive,
negative and flat (non-significant) patterns, and that none of these
patterns predominates'. Possible causes of variation include the
influence of disturbance™*, consumers>®, niche specialization” and
spatial scale®', which can create variation between taxonomic
groups and habitat types""’. A few studies suggest that productivity
might control the probability that alternative community states are
produced through assembly'***%.

Table 1 Introduction sequences used to assemble communities

Sequence
A B C D
First introduction Set 1 Set 1 Set 2 Set 2
Second introduction Set 2 Set 3 Set 1 Set 3
Third introduction Set 3 Set 2 Set 3 Set 1
Set 1 Set 2 Set 3

Blepharisma americanum*t
Chilomonas sp.*

Colpoda inflata*
Loxocephalus sp.*
Paramecium caudatum™*t
Tetrahymena thermophila*

Colpidium striatum™
Colpoda cucullus*
Euplotes sp.*t+
Paramecium tetraurelia*+
Tetrahymena vorax*+
Uronema sp.*

Aspidisca sp.*
Holosticha sp.*
Lepadella sp.* (r)
Rotaria sp.* (r)
Spirostomum sp.*
Tillina magna*

The natural history of these rotifers (marked with (r)) and protozoans (all others) indicates that they
consume bacteria and/or microflagellates (*), algae (), and/or small ciliates (1). Regardless of their
diets, all the species can sustain their population solely on bacteria and/or microflagellates and thus
potentially compete with one another.
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