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There is an urgent need for reliable data on the impacts of deforestation on tropical bio-
diversity. The city-state of Singapore has one of the most detailed biodiversity records in
the tropics, dating back to the turn of the 19th century. In 1819, Singapore was almost
entirely covered in primary forest, but this has since been largely cleared. We compiled
more than 200 y of records for 10 major taxonomic groups in Singapore (>50,000
individual records; >3,000 species), and we estimated extinction rates using recently
developed and novel statistical models that account for “dark extinctions,” i.e., extinctions
of undiscovered species. The estimated overall extinction rate was 37% (95% CI [31 to
42%]). Extrapolating our Singapore observations to a future business-as-usual deforest-
ation scenario for Southeast Asia suggests that 18% (95% CI [16 to 22%]) of species
will be lost regionally by 2100. Our extinction estimates for Singapore and Southeast
Asia are a factor of two lower than previous estimates that also attempted to account for
dark extinctions. However, we caution that particular groups such as large mammals,
forest-dependent birds, orchids, and butterflies are disproportionately vulnerable.

deforestation | tropical extinctions | biodiversity loss | dark extinctions | Singapore

The impacts of tropical deforestation on the global carbon budget are well quantified (1),
but much greater uncertainty surrounds impacts on biodiversity. Accurate assessments of
biodiversity loss require reliable baseline data and follow-up surveys. Both are sorely lacking
in most of the tropics. Singapore, an island city-state in Southeast Asia, is unique among
tropical countries for its comprehensive record of biodiversity collection over two centuries.
When modern Singapore (Fig. 1) was founded in 1819, the predominant vegetation was
lowland dipterocarp forest (443 km? of a total land area of 540 km?; Fig. 1B), with smaller
areas of mangrove forest and freshwater swamp forest (2-5). Since then, almost all the
primary dipterocarp forest has been cleared; less than 1% remains (2, 6). An additional
21.0% of the landscape is secondary forest, although much of this is considered relatively
species-poor young forest; only 4.3% of total area is considered better-quality old second-
ary forest (2, 3, 7) (Fig. 1B). Over 90% of the mangrove and freshwater swamp forest area
has also been lost (3).

We aimed to estimate biodiversity loss in Singapore over the last two centuries. We
compiled biodiversity records for native resident species in Singapore dating back to the
turn of the 19th century for 10 major taxonomic groups: nonvolant terrestrial mammals
(henceforth “mammals”), birds, reptiles, amphibians, primary freshwater fishes (“fishes”),
butterflies, bees, phasmids, freshwater decapod crustaceans (“decapod crustaceans”), and
vascular plants (“plants”) (S Appendix, Detailed Materials and Methods). Our final database
comprised 50,678 records from museums, herbaria, published literature, checklists, inven-
tories, and online databases (Table 1). We refer to loss of species from Singapore as extinc-
tions, although these are almost all local extinctions because the species concerned persist
in neighboring countries.

Any holistic accounting of extinctions must account for dark extinctions, i.c., species
that went extinct before they could be recorded (8, 9). Early estimates of extinctions in
Singapore focused only on known extinctions (2, 10, 11). A 2003 study attempted account
for dark extinctions by assuming that in 1819 all species in similar habitats in Peninsular
Malaysia (all habitats except mountains, lakes, large rivers and savannahs) were also present
in Singapore (12). However, this violates ecology’s fundamental species—area law: the area
of Singapore is less than 1% that of the relevant habitats in lowland Peninsular Malaysia
(Fig. 14) and would thus be expected to originally have had only 20 to 50% as many
species, assuming typical power-law scaling exponents of 0.15 to 0.35 documented in
nature (13). This means that the reported extinction estimates for Singapore [73% across
nine taxonomic groups (12)] were almost certainly too high. To produce more accurate
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Significance

Accurate estimates of tropical
extinction rates are needed to
evaluate human impacts on
biodiversity and inform
conservation planning. Singapore
has lost most of its tropical
primary forest since 1819 and yet
has an exceptionally detailed
biodiversity record. We compiled
the largest database of Singapore
biodiversity records to date
(>50,000 individual records;
>3,000 species; 10 major
taxonomic groups) and estimated
extinctions using statistical
methods that account for “dark
extinctions”—extinctions of
undiscovered species. The
estimated overall extinction rate
was 37%, a factor of two lower
than previous estimates for
Singapore, although extinctions
were concentrated among larger,
charismatic species.
Extrapolations suggest that by
2100 Southeast Asia will
resemble a “tropical Europe,”
with roughly 80% of the original
species surviving in human-
dominated landscapes.
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Fig.1. Singapore is anisland city-state at the southern tip of the Malay Peninsula and has been largely deforested. (A) The narrow Johor Strait separates Singapore
(shown in red) from Peninsular Malaysia and mainland Southeast Asia. (B) In 1819, when modern Singapore was founded, the country was predominantly covered
by lowland dipterocarp forest, but over the last two centuries the majority of the original forest cover has been lost (3). Only 4.3% of good-quality forest cover
remains, in small patches of primary forest and larger areas of old secondary forest (green). [The Singapore figure was generated from a high-resolution map
of Singapore’s terrestrial ecosystems (5), with forest defined as freshwater swamp forest, mangrove forest, or vegetation with limited human management and

a tree canopy.]

estimates, we employed both recently developed and novel statis-
tical methods that infer dark extinctions from detection patterns
in known species (14, 15) (Materials and Methods; SI Appendix,
Detailed Materials and Methods).

Results and Discussion

Our overall cumulative estimated extinction rate in Singapore was
37% (95% CI [31%, 42%]) (Fig. 24 and SI Appendix, Detailed
Results). Extinctions in Singapore began in the mid-19th century
(Fig. 2B) when large swathes of secondary and primary forest were
cleared for a first wave of logging and agriculture, in particular for
gambier and pepper plantations (2, 6). These early extinctions
were concentrated among plants and terrestrial invertebrates. The
concentration among plants is likely due to the restricted spatial
distributions of many species. The concomitant early insect
declines are at least partly attributable to the extinction of host
plants (16, 17). A subsequent wave of extinctions in the early 20th

Table 1. Numbers of species and records included in
our database for each taxonomic group

Taxonomic group No. of species No. of records

Mammals 32 64
Birds 154 3,847
Reptiles 121 2,925
Amphibians 25 1,132
Fishes 46 676
Butterflies 413 7,108
Bees 129 239
Phasmids 46 258
Decapod crustaceans 23 205
Plants 2,076 34,224
Total 3,065 50,678

The database includes all species recorded in Singapore except nonnative, marine, migrant,
vagrant, visitor (nonbreeding), and doubtful species (see S/ Appendix, Detailed Materials and
Methods for details). For mammals and bees, only first and last records were compiled for
each species. For several species of bee, there was only one record. For birds, only unique
year-species records were compiled because of the large number of records per species.
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century heavily impacted vertebrate species (Fig. 2B) and coin-
cided with the loss of large areas of secondary forest to cultivation,
especially of rubber (2, 6). Hunting may have contributed to
extinctions of some large species, in particular mammals, but for
birds, the historical evidence suggests that hunting was confined
to disturbed areas and edge habitats: almost all the bird species
historically targeted by hunters are still extant today (S Appendix,
The History of Hunting in Singapore). Similarly, there is no evidence
that honey or damar harvesting contributed to bee extinctions
(SI Appendix, The History of Hunting in Singapore). In the middle
to late 20th century, coinciding with Singapore’s rapid urbaniza-
tion after World War II (2), birds and butterflies were especially
hard hit (Fig. 2B). Ongoing clearance of remnant primary forest
patches in the 20th century likely contributed disproportionately
to ongoing plant extinctions: today Singapore’s tiny remnant
patches of primary forest are floristically richer than its secondary
forests (2). The number of extinct species in most groups has since
levelled off, with few extinctions recorded so far in the 21st cen-
tury, although there is some continuing attrition among forest-
dependent birds (Fig. 2B).

Most of the taxonomic groups in our database are today well
studied in Singapore, and there is a high degree of confidence in
which species recorded in the past are currently extant or extinct.
But there are exceptions. Recent rediscoveries of several snake
species in Singapore after apparent absences of up to 172 y (18)
highlight the patchiness of this group’s historical record. Among
butterflies, since 1990 at least 116 butterfly species have been
rediscovered or newly discovered, representing a third of known
extant species (19). Among Singapore plants, uncertainty is par-
ticularly high, as evidenced by regular rediscoveries of plant spe-
cies that were presumed extinct (20). To address this issue, a
species’ extinction status can be defined as a probability, rather
than a binary status, but existing methods for inferring this prob-
ability from a sequence of detection dates for a species (21) can
produce inaccurate results, especially in data-poor situations (15).
We developed statistical methods that instead use the detection
histories of all # species in a taxonomic group to jointly infer the
probabilities that each species is extinct (peyne,; for species 7).
Species with pine.; > 0 are also assigned an estimated time of
extinction conditional on being extinct. We applied these meth-
ods to our three richest datasets: birds, butterflies, and plants. For
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Fig. 2. Singapore has lost a substantial fraction of its species over the last two centuries. (A) The overall estimated proportion of extinct species is 37% (95% Cl
[31%, 42%)]), based on nine major taxonomic groups (magenta point at bottom with 95% Cl indicated with lines). Extinction rates have varied across taxonomic
groups (red points and lines). Amphibians are excluded from the graph and from the overall estimate because there were no confirmed extinctions, precluding
estimation of dark extinctions (S/ Appendix, Detailed Materials and Methods). (B) Extinctions began in the mid-19th century and continued at a substantial rate
until the late 20th century. The thick black curve shows the estimated overall extinction rate by combining the results for the nine taxa (colored curves), with
the shaded region showing a 95% Cl (separate Cls for each taxonomic group are omitted here for clarity; see S/ Appendix, Detailed Results and Figs. S1 and S3).
Early waves of extinction in the 19th century impacted plants and terrestrial invertebrates. A subsequent wave in the first half of the 20th century impacted
vertebrates. Several taxa were also subject to large numbers of extinctions in the second half of the 20th century.

birds and butterflies, most of the inferred probabilities were close
to zero or one, indicating high certainty in their current statuses
(SI Appendix, Detailed Results and Fig. S5 B and C). For plants,
of the 2,076 species with verifiable records in Singapore, 305 had
intermediate probabilities of being extinct: 0 < poying; < 0.9
(Fig. 34). By identifying such species, our methods can help direct
survey effort to where uncertainty is greatest. As a case in point,
the plant species Homalomena griffithii [now H. nathanielii (22)]
was assigned p,in..; = 0.52 by our model (Fig. 3B) and was sub-
sequently rediscovered in Singapore [i.e., after our plant dataset
was collated (23)]. Given the high biodiversity of the tropics and
uncertain status of many species, our methods should prove
broadly useful around the world for targeting survey efforts
towards species whose extinction status is in doubt.

Our estimated extinction rates were generally lower than pre-
vious estimates for Singapore. The 2003 study estimated that the
overall extinction rate in Singapore, accounting for dark extinc-
tions, was double our estimate (as high as 73%) (12), but, as
discussed earlier, this was based on flawed assumptions. Our esti-
mate for Singapore bird extinctions (41%) was somewhat higher
than that of a previous study also accounting for dark extinctions
(33%) (14) because we used an updated dataset that excluded
disturbance- and savannah-adapted species that are almost cer-
tainly recent immigrants (S Appendix, Detailed Materials and
Methods). These species have taken advantage of the radically
transformed environment in Singapore, in which extensive tracts
of open habitat exist that were almost entirely absent pre-1819.
Our estimated plant extinction rate (34%) was commensurate
with that from a recent study on the same dataset that integrated
a simpler model for accounting for dark extinctions with expert
opinion (32 to 35%) (15), and substantially higher than one
obtains without accounting for dark extinctions based on a recent

flora checklist for Singapore (25%) (24).
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Extinctions in Singapore have been higher for particular taxo-
nomic groups and for particular subsets of species within each
group (Fig. 24). The highest estimated extinction rates were for
butterflies (48%), bees (42%), and birds (41%). For bees, extinc-
tions were concentrated among stingless bees, which may be more
vulnerable because they are eusocial and thus have low effective
population sizes (25); although stingless bees can suffer negative
effects of honey overharvesting and meliponiculture (26), we found
no evidence of such impacts in Singapore (SI Appendix, The History
of Hunting in Singapore). For birds, extinction rates were much
higher for species dependent on primary or old-growth secondary
forest (estimated extinction rate 89%). Among birds able to persist
in grassland and parkland, there were no recorded extinctions,
although the oriental pied hornbill (Anthracoceros albirostris) was
temporarily absent from the 1960s to the 1990s, after which it
reestablished a population with active conservation assistance (27).
For mammals, there is a notable absence of large-bodied species
in Singapore. In 1819, Singapore already lacked elephants, tapirs,
gibbons, rhinoceroses, wild cattle, and other taxa widespread across
the region at the time. Their absence has been attributed to pre-
historical extinction filters over the approximately 10,000 y since
Singapore was isolated from mainland Southeast Asia by rising sea
levels (2). Even among the mammal species extant in 1819, extinc-
tions have been concentrated among larger species. The last tiger
(Panthera tigris) was shot in Singapore in the 1930s (28), and the
other previously extant large cat species, the leopard (Panthera
pardus), is also now extinct. In total, three out of five (60%) mam-
mal species larger than 10 kg have gone extinct in the last 200 vy,
compared to only 4 out of 27 species (15%) below 10 kg. Among
Singapore plants, our results corroborate previous findings that
extinctions have been highest among orchids (15, 29): We assessed
68% of known orchid species in Singapore as extinct. Singapore’s
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Fig. 3. Our methods allow joint estimation of probabilities of being extinct, along with estimated dates of extinction, for all species in an ensemble, illustrated
here for Singapore plants. (A) Of Singapore’s 2,076 plant species with verifiable records, 1,385 are known or inferred to be extant (peytinct; = 0), 386 are inferred
to be almost certainly extinct (Pextinet; = 0.9), and the remaining 305 are subject to some uncertainty (0 < Peytinet; < 0.9). (B) The estimated dates of extinction,
conditional on a species being extinct, are negatively correlated with peyinct; (i-€., species more likely to be extinct are estimated to have gone extinct earlier).
The earliest extinction date of 1840 is assigned to 10 species, including Syzygium avene, which was seen only in 1822 and 1836. Estimated dates of extinction
also depend on species’ estimated detectability based on sighting records. The three species H. griffithii, Micropera fuscolutea, and Erycibe maingayi have similar
estimated probabilities of being extinct (peyinet; & 0.5) but different estimated detectabilities and thus varying estimated dates of extinction.

present-day flora and fauna are thus, in important ways, more
depauperate than the summary numbers (Fig. 24) alone suggest.
Extinctions have disproportionately affected charismatic species,
such as large mammals, birds, butterflies (30) and orchids. The
disappearance of charismatic species can be a double blow for con-
servation biology, because such species serve to motivate public
support for conservation action (31).

One caveat to our results is that Singapore may have unpaid
extinction debt: The populations of some remaining species are con-
fined to small forest remnants and may not be viable (2, 32-34).
Despite this, overall extinctions have slowed or ceased in most tax-
onomic groups (Fig. 2B). It is even possible that total current species
richness is below equilibrium (2), because the remaining areas of
secondary forest (Fig. 1B) are well protected and will mature in com-
ing decades, and the threat of poaching is much lower than in sur-
rounding countries (35, 36). Indeed, some species have already
recovered or have recolonized Singapore naturally from nearby
Malaysia (37); others may be able to reestablish with human assis-
tance. The reestablishment of the oriental pied hornbill in Singapore
was facilitated by direct conservation actions including artificial nest
boxes (27). The lesser mouse-deer ( Tragulus kanchil) had an estimated
population of 50 individuals in the 1990s, but has since recovered
to around 200 individuals (38). Similarly, the Raffles’ banded langur
(Presbytis femoralis) had plummeted to a population of 15 to 20
individuals in Singapore in the 1990s and was predicted to go extinct
(39), but has since recovered to more than 60 individuals and is
potentially expanding its range (40). A necessary condition for nat-
ural recolonization of locally extinct species is the ability of individ-
uals to disperse from Malaysia across the Johor Strait, which is 600
m across at the narrowest point (2). The feasibility of such dispersal
is evidenced by crossings in recent decades of mammal species not
known to have originally occurred in Singapore: the dusky langur
(Trachypithecus obscurus), the Asian elephant (Elephas maximus), and
the Malayan tapir (Zapirus indicus) (41-43). The next few decades
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will reveal whether Singapore has passed through its deforestation
bottleneck and associated nadir of species diversity.

Singapore allows for an unusually detailed reconstruction of
tropical extinctions, but it has idiosyncrasies that should be borne
in mind when drawing general conclusions about tropical biodi-
versity loss. For example, the lack of confirmed amphibian extinc-
tions in Singapore (S Appendix, Detailed Materials and Methods)
may just be due to poor baseline data in which, by chance, the
few species destined for extinction were missed (amphibians were
our second-least speciose group; Table 1). Alternatively, amphib-
ians may have already passed through an extinction filter over the
millenia during which Singapore was isolated from Malaysia by
the salt water barrier of the Johor Strait, although it is unclear why
this prehistorical filter would not also have led to lower historical
extinction rates among our other freshwater taxa (fishes and deca-
pod crustaceans; Fig. 24). Whichever explanation is correct, we
would not expect the low observed amphibian extinction rates in
Singapore to be replicated elsewhere in the tropics.

Following the approach of past studies on Singapore extinctions
(7, 12), we extrapolated our results to predict regional extinction
rates in Southeast Asia by 2100. We used the species—area method
and deforestation projections of Ref. 7, which we calibrated with
our observed species—area exponents resulting from deforestation
in Singapore. We estimated that 18% (95% CI [16 to 22%]) of
species would go extinct regionally by 2100 under a business-
as-usual scenario (S Appendix, Detailed Results and Fig. S8). For
the two taxa considered by the authors of ref. 7, birds and mam-
mals, their estimated extinction rates were roughly double ours,
which is attributable entirely to their use of higher species—area
exponents, obtained from data on land-bridge islands. We con-
sider our extinction estimates to be more realistic because our
exponents are based on Singapore’s actual historical experience of
deforestation and species loss. Our Southeast Asian extinction
estimates for 2100 were towards the lower bound of the 13 to
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42% projected by ref. 12 (S Appendix, Detailed Results and
Fig. $8). Again we consider our estimates more realistic, because
the upper bound of ref. 12 was propagated from the flawed
assumption, discussed earlier, that all Peninsular Malaysia species
in similar habitats were originally present in Singapore (12).

Our projections to Southeast Asia assume that forest loss and
degradation will continue to be the major drivers of biodiversity
over the next century (44), as they have been in Singapore over
the past two centuries. Other projections of future biodiversity
loss in Southeast Asia have made the same implicit assumption
(7, 12). However, if humanity is unable to mitigate greenhouse
gas emissions, forest loss may become eclipsed by climate change
as a driver of biodiversity loss, in which case alternative modelling
approaches will be needed (45). We also note that wildlife trapping
and hunting are widespread problems in Southeast Asia but his-
torically played an apparently minor role in driving extinctions in
Singapore (S Appendix, The History of Hunting in Singapore) and
are nearly absent there today (35, 36). Indeed, the Sunda pangolin
(Manis javanica) and the straw-headed bulbul (Pyeronotus zeylanicus)
are two Southeast Asian species that are globally critically endan-
gered due to poaching but have strongholds in Singapore (46, 47).
It remains to be seen whether poaching rates will drop across other
Southeast Asian countries as they develop—if not, species targeted
by poachers will be lost at higher rates than extrapolations from
Singapore would suggest.

Overall, Singapore’s experience points to a future “tropical Europe”
in Southeast Asia (48), where over 80% of species persist in a largely
transformed landscape, but many large mammals, forest-dependent
birds, butterflies, orchids, and other charismatic species are extinct.
We recommend shifting the emphasis of conservation messaging
away from very high extinction projections (12, 49) and towards a
more classical approach based on landscape-scale conservation and
umbrella species, whereby reserves and connectivity corridors estab-
lished for charismatic species provide large-scale landscape protection
(50). This in turn will benefit other species and be synergistic with
other conservation goals, such as protection of carbon stocks to mit-
igate climate change (51). In Singapore and other cities, the focal
charismatic species should include mainly small to medium-sized
species, such as langurs, pangolins, hornbills, and butterflies, which
can feasibly persist in highly urbanized landscapes with conservation
assistance. At larger scales across Southeast Asia, the focal species can
encompass tigers, orangutans, elephants, rhinoceroses, and other
endangered large mammals.

Materials and Methods

Our goal was to estimate extinction rates for each taxonomic group in Singapore
over the last two centuries. By “extinction” we mean local disappearance, i.e.,
extirpation, from Singapore. Almost all of these are local extinctions because
almost all of Singapore's extinct species persist in neighboring countries. We
compiled biodiversity records from Singapore, dating back to the oldest natural
history material known from the country, a specimen of the plant Podocarpus
polystachyus collected in 1796 by Christopher Smith. We compiled data for 10
major taxonomic groups (SI Appendix, Detailed Materials and Methods). We
excluded nonnative species, marine species, migrant species, vagrant species,
visitor (nonbreeding) species and doubtful species.

Two groups, both associated with actual or potential movement of individuals
across the Johor Strait from Malaysia, posed particular challenges to classification.
The first group comprises a few large species, for which there is uncertainty as to
whether populations in Singapore were self-sustaining pre-1819 or reliant on
immigrants (e.g., elephants and tigers). We treated these on a case-by-case basis
(S Appendix, Detailed Materials and Methods). The second group comprises species
thattemporarily went extinctin Singapore after 1819 and then at some point recol-
onized from Malaysia across the Johor Strait. Recolonization is limited by the fact
that most of remnant Singapore's forests are towards the center of the mainisland
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(Fig. 1),and thus the very species that have been hardest hit by extinctions are least
able to recolonize. Habitat destruction in Malaysia has also reduced the prospect
of recolonization of forest-dependent species. Nevertheless, there are examples
of successful recolonizers (e.g., the pied hornbill, Anthracoceros albirostris), and
we classified such species as extant except in a few cases where evidence clearly
indicates that the moder population is derived from escaped captive individuals
[e.g., the white-rumped shama Copsychus malabaricus (52); SI Appendix, Detailed
Materials and Methods]. We emphasize that these two problematic groups com-
prise only a small fraction of Singapore's recorded species and thus the uncertainty
surrounding their status has little impact on our final extinction estimates.

Comprehensive estimates of extinction rates must account for dark extinc-
tions, the extinction of species before they could be discovered (8). Dark extinc-
tions will be lower for Singapore than most other tropical areas because of the
detailed baseline data, but nevertheless may be a nonnegligible fraction of total
extinctions. In recent years, robust statistical techniques have been developed
for estimating dark extinctions (8, 9, 14), and these have been applied to birds,
plants, and butterflies in Singapore (14, 15, 17). These techniques account for
dark extinctions by assuming that the same average per-species extinction rate
applies to discovered and undiscovered species (8, 9, 14). This is similar to how
extinction rates on geological timescales are estimated from the fossil record
using the extinctions-per-million-species-years (E/MSY) approach (53).

One published technique for accounting for dark extinctions uses the
susceptible-extinct-unknown extant-unknown extinct (SEUX) model, a com-
partmental model named for its four compartments: known extant (S), known
extinct (E), unknown extant (U), and unknown extinct (X) species (14). The SEUX
model is mathematically related to mark-recapture methods used for estimat-
ing single species’ population sizes in ecology (8). The SEUX model requires as
input only the firstand last record dates of each known species (14). We applied
this basic method to mammals, reptiles, fishes, bees, phasmids, and decapod
crustaceans (S/ Appendix, Detailed Materials and Methods). We did not apply
the SEUX model to amphibians, where there were zero confirmed extinctions
and thus the model would trivially estimate zero dark extinctions (S/ Appendix,
Detailed Materials and Methods).

For our three richest datasets—plants, birds, and butterflies-we developed
a more sophisticated model, which we call the matrix-of-detections-gives-
extinction-estimates (MODGEE) model (S/ Appendix, Detailed Materials and
Methods). The main advantage of the MODGEE model over the SEUX model is
that it takes as input the full species-by-time detection matrix, rather than just
the first and last detection dates for each species and therefore does not discard
potentially rich information about intermediate records. The MODGEE model
has the added benefit of producing an estimated probability that each species
is extinct and an estimated date of extinction for each species conditional on it
being extinct.

The MODGEE model defines detection and extinction parameters for n species
overT time periods as follows. The parameters m, determine the probability species
going extinct , in each time period ¢, via the formula g, = 1 — e=™.The parame-
ters h, represent the detection effortin time period t and the parametersd; represent
the detectability of species i.The detection effort and detectability parameters com-
bine to produce a probability of detection of species i in time period t (given that the
speciesis extant) equal to §;, = 1 — e%".The likelihood of parameter vectors m,
andh, and parameterd; given a binary vector x; of length T, representing detections
(x;; = 7),and nondetections (x;, = 0) for species i, is as follows:

L(m, h, d|x;)
r

(e (1=e7) 4+ (1—=x;, )&M) e
t=1

+ Z(1—e"”f) X (

The likelihood for an ensemble of n species is the product of likelihoods over
i from 1to n. The values of the 2T + n parameters can then be estimated from
a binary detection matrix of dimensions n x T via likelihood maximization.

t=1

S(1—emhe )+ (1=x,, )e~9h )e""r)

=1
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In practice, the full likelihood maximization is numerically challenging for reasons
explained in S Appendix, Detailed Materials and Methods. Therefore, we devel-
oped a two-step maximum likelihood procedure, with detection parameters
(dand h) being estimated in the first step and extinction parameters (m) being
estimated in the second step (SI Appendix, Detailed Materials and Methods).
Provided that the detection matrix is not too sparse, the fitting procedure performs
well (S/ Appendix, Detailed Results and Fig. S4). Cls on parameter estimates can
be generated by bootstrapping the original data or by simulating the model
with fitted parameter values and then refitting the model (S/ Appendix, Detailed
Materials and Methods and Figs. S3 and S4).

The main quantity of interest in our analyses (e.g., Fig. 24) is the cumulative
extinction rate at time T, which can be calculated from the parameterised model
via the following formula:

T T
=1-JJ0-m)=1-]]e™
t=1

t=1

Other quantities of interest that can be calculated from the fitted model include
the probability Py, that species i is extinct at the final timestep 7, and the
expected time of extinction conditional on being extinct.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information; the data along with R code for repro-
ducing the results are also provided in an online repository: https://github.com/
nadiahpk/MODGEE-dark-extinctions-estimator (54).
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