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Ecosystem consequences of bird declines
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We present a general framework for characterizing the ecological
and societal consequences of biodiversity loss and applying it to
the global avifauna. To investigate the potential ecological conse-
quences of avian declines, we developed comprehensive databases
of the status and functional roles of birds and a stochastic model
for forecasting change. Overall, 21% of bird species are currently
extinction-prone and 6.5% are functionally extinct, contributing
negligibly to ecosystem processes. We show that a quarter or more
of frugivorous and omnivorous species and one-third or more of
herbivorous, piscivorous, and scavenger species are extinction-
prone. Furthermore, our projections indicate that by 2100, 6-14%
of all bird species will be extinct, and 7-25% (28-56% on oceanic
islands) will be functionally extinct. Important ecosystem pro-
cesses, particularly decomposition, pollination, and seed dispersal,
will likely decline as a result.

ecosystem services | functional extinctions | trophic cascades | community
disassembly | ecological redundancy

he accelerating extinction of species (1) is the tip of the

iceberg of global wildlife declines (2-5) that threaten to
disrupt vital ecosystem processes and services (6). Although
patterns of biodiversity loss have been explored extensively (7),
their ecological implications have been the subject of few studies.
These studies have been largely limited to temperate plants,
microbes, and invertebrates (8). Yet ongoing reductions in
vertebrate abundance and species richness are also likely to have
far-reaching consequences, with diverse societal impacts, includ-
ing plant extinctions , the loss of agricultural pest control, and the
spread of disease. Birds are the best known major group of
organisms (9), and the conservation status of all bird species
have been assessed twice (1). Even though only 1.3% of bird
species have gone extinct since 1500 (10), the global number of
individual birds is estimated to have experienced a 20-25%
reduction during the same period (5), indicating that avian
populations and dependent ecosystem services are declining
faster than species extinctions would indicate.

We compiled and analyzed a database of the conservation
status, distribution, and life histories of all extant (9,787) and
historically extinct (129) bird species. We synthesized, in a
second database, studies of the ecological roles of birds and
outlined their contributions to the functioning of diverse natural
and human-dominated ecosystems (Table 1, and Table 2, which
is published as supporting information on the PNAS web site).
To assess the potential effects of bird population declines and
extinctions on ecosystem processes and services, we compare the
current distribution of threatened birds across various functional
groups, habitats, and regions to the distributions forecasted for
2100 based on three scenarios. The scenarios are projections
based on the past and present distributions of threatened and
nonthreatened birds. Our objective here is to address the
ecological implications of the current and future distribution of
extinction-prone bird species among major ecological and geo-
graphical groupings, not to examine correlates of extinction
threat in detail (for pertinent references, see Table 3, which is
published as supporting information on the PNAS web site).

Methods

Scenarios. We entered available data on the conservation, dis-
tribution, ecology, and life history of all extant (9,787) and
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historically extinct (129) bird species of the world from 248
sources into a database with >600,000 entries. Our scenarios
(Fig. 3, which is published as supporting information on the
PNAS web site) are based on the extinction probabilities for
threatened species used by International Union for Conserva-
tion of Nature and Natural Resources (IUCN). These probabil-
ities are as follows: 50% chance of extinction in the next 10 years
for critically endangered species, 20% chance of extinction in the
next 20 years for endangered species, and 10% chance of
extinction in the next 100 years for vulnerable species. We report
the averages of 10,000 simulations run for each decade from 2010
to 2100.

For scenario 1 (best case), we assume that conservation
measures will be sufficient to prevent any more bird species from
becoming threatened but will be unable to reduce the extinction
likelihood of threatened species during this century. Restricted
range species and wide-ranging species are treated equally. For
scenario 2 (intermediate case), we compared threatened bird
lists of 1994-2003 (1, 11) to calculate the probability (0.0111)
that a nonthreatened bird species (including “near threatened”
species) will become threatened after a decade. We assume that
nonthreatened species will continue to become threatened at
this rate and that newly threatened species are randomly dis-
tributed among three threat categories based on the current
percentage of threatened species in each threat category. For
scenario 3 (worst case), we assume that the probability of a
nonthreatened species becoming threatened will increase by a
conservative 1% per decade (1.11% in 2010, 2.11% in 2020, and
so on) and that threatened species will go extinct at the rates
given above. These assumptions are conservative because it is
estimated that every year, natural habitats and dependent ver-
tebrate populations decrease by an average of 1.1% (ref. 12 and
Supporting Methods and Materials, which is published as sup-
porting information on the PNAS web site).

Because some species are more likely to become threatened
and to go extinct than others in the same threat category, for
scenarios 2 and 3, we examined various criteria and indices for
weighting the probabilities of becoming threatened and going
extinct. In agreement with the [UCN's most important criteria
(1, 10), population size class (r* = 0.54, P < 0.0001) and range
size class (2 = 0.27, P < 0.0001) explain the greatest amount of
variance in conservation status. However, we had to choose a
variable that was available for all of the species in our database.
Restricted range status (global range <50,000 km?) has the next
highest correlation (> = 0.23, P < 0.0001) and has the added
advantage of being straightforward to incorporate into our
models. Primary diet does not have a high correlation with threat
status (> = 0.011, P < 0.001), and was not used in weighting the
model. This finding also means our reasoning is not circular,
because we use extinction likelihoods based on population and
range sizes to predict the distribution of species across functional
groups based on primary diet. Therefore, in scenarios 2 and 3,
species with restricted ranges have higher probabilities of be-
coming threatened and going extinct (Fig. 3), and these proba-

Abbreviation: IUCN, International Union for Conservation of Nature and Natural
Resources.
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bilities are calculated by using the ratio of threatened restricted
range species to threatened wide-ranging species in their respec-
tive categories during the previous time step. Further details can
be found in Supporting Materials and Methods; a bibliography of
all of the database sources is in References for Global Bird
Database, which is published as supporting information on the
PNAS web site; and a sample of the database is Data Set 1, which
is published as supporting information on the PNAS web site.

Some caveats should be considered when interpreting our
results. The IUCN extinction probabilities normally pertain only
to the quantitative analysis criterion of the IUCN Red List.
However, given the lack of data on bird extinction likelihoods,
that these probabilities have been used in the past to estimate
future bird extinctions (10, 13), and that even our worst-case
scenario is conservative compared with actual rates of habitat
loss (12), these numbers provide realistic lower bounds.

For some species, such as those with long generation times, the
extinction probabilities may be lower than the IUCN estimates.
On the other hand, species with long generation times often have
low reproductive rates and are particularly sensitive to adult
mortality, as can be seen in the rapidly worsening plight of
albatrosses and vultures (9). In addition, the extinction proba-
bilities of many species may increase if sources of threat such as
exploitation, habitat clearance, and accidental mortality persist
or increase in intensity.

To calculate the rate of becoming threatened, we do not
exclude 305 recently described species (Table 2) that are signif-
icantly more likely to be threatened (35%) than birds in general
(12%). As molecular techniques become widespread, more and
more subspecies are raised to species status, and this trend will
continue during this century. Excluding them would seriously
underestimate the percentage of species becoming threatened in
the future. In fact, given that birds’ ecological contributions are
related to the size and number of their populations, status of
subspecies, rather than species, is a better estimate of the
percentage of threatened bird populations and avian ecosystem
services, but most bird subspecies have not been evaluated.

Functional Extinction and Deficiency. Forty-three percent of threat-
ened bird species are endangered, critically endangered, or
extinct in the wild. Combined with extinct species, these birds
comprise 7% of all historic bird species, whereas they make up
0.025% of the global bird population and contribute little to
ecosystem processes compared with the rest of the avifauna. In
addition, 72% of these birds have global populations of <2,500
individuals, 90% of those populations are declining, and 40% are
in rapid, continuous decline (50-80% population reduction in
three generations). Therefore, we define birds that are endan-
gered, critically endangered, or extinct in the wild as “function-
ally extinct.” We define as functionally deficient bird species that
have undergone recent and substantial declines in abundance,
and/or extent or occupancy of geographic range, in places where
some semblance of their habitat (and potential function) re-
mains. We then use the IUCN category of vulnerable species as
an imperfect means of identifying those species that are func-
tionally deficient. Some vulnerable species that have experienced
significant habitat losses may yet occur at predisturbance den-
sities in remaining habitat, and 162 species are classified as
vulnerable only based on their naturally very small population
(TUCN Criterion D1) and/or global range (IUCN Criterion D2).
Both of these types of vulnerable species inflate our estimate of
the number of functionally deficient species. To offset this
inflation, we exclude all 731 near threatened species from our
estimates of functionally deficient species, although many near
threatened species doubtlessly meet the definition (10). How-
ever, uncertainties regarding many near threatened species and
the impossibility of estimating the number and extinction rate of
near threatened species in future scenarios provide further
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support for their exclusion, although it makes our estimates
conservative. By definition, extinct species are also functionally
extinct, and functionally extinct species are also functionally
deficient.

Results

Based on the criteria used by the IUCN (1), 21% of 9,916 historic
bird species (all species that survived past A.D. 1500) are
extinction-prone, a category that includes species that are extinct
(1.3%), threatened with extinction in the next 10-100 years
(12%), and close to qualifying or likely to qualify for a threatened
category in the near future (7.4%, near threatened). Extinction-
prone birds are not randomly distributed across different func-
tional groups (based on primary diet; Fig. 1a) or guilds (based
on diet and order of food preference; Fig. 4a, which is published
as supporting information on the PNAS web site). Even though
primary diet is not a good predictor of threat status (2 = 0.011),
some functional groups have more extinction-prone species than
average: frugivores (x> = 31.0; P < 0.0001), herbivores (con-
sumers of nonreproductive plant parts; x> = 31.6; P < 0.0001),
omnivores (x> = 44.9; P < 0.0001), piscivores (x> = 52.2; P <
0.0001), and scavengers (x> = 22.2; P < 0.005). Insectivores (x>
= 24.0; P < 0.005) have slightly fewer extinction-prone species
than average. Increased specialization is highly correlated with
increased likelihood of extinction (Fig. 1b), and 41% of bird
species limited to one habitat type are extinction-prone.

Higher concentrations of extinction-prone birds in certain
groups may lead to community disassembly and to more pro-
nounced ecological consequences than one would expect from
global aggregated extinction probabilities. There are significant
differences in the distribution of extinction-prone species among
categories other than diet, such as habitat, region, altitudinal
distribution, body mass, clutch size, and evolutionary uniqueness
(Fig. 1 and Tables 3 and 4, which are published as supporting
information on the PNAS web site). Island birds are particularly
at risk, although this is due to their small global ranges rather
than an “island effect” (14); in our stepwise regression model
with forward selection (4,515 species), compared with “range
size” alone (©? = 0.274), addition of “island status” was a
negligible improvement (> = 0.275).

When distinct ecosystems, such as forests or wetlands, are
destroyed, the ecological roles of birds often disappear with
them. In many cases, however, bird declines occur independent
of habitat loss; exploitation, introduced species, pathogens,
fragmentation, and other factors (9) eliminate birds and their
services from ecosystems (6). In fact, half of threatened species
are threatened by a factor besides habitat loss. This result is
particularly the case for scavengers (100%), piscivores (80%),
herbivores (78%), omnivores (76%), granivores (56%), frugi-
vores (53%), and birds that weigh >100 g (73%), all of which,
except granivores, are groups significantly more threatened than
average.

Given the momentum of climate change, widespread habitat
loss, and increasing numbers of invasive species, avian declines
and extinctions are predicted to continue unabated in the near
future (9). The results of our scenarios for 2100 support this view
and reinforce previous estimates (13). By 2100, we expect 6-14%
of all historic bird species to be extinct, 7-25% to be functionally
extinct, and 13-52% to be functionally deficient (Fig. 2). We
project greater-than-average extinction rates for frugivores, her-
bivores, nectarivores, piscivores, and scavengers (Fig. 2a). Some
guilds may lose up to 46% of their species (Fig. 4b). Specialists
are predicted to have more extinctions than average (Fig. 2b).
This estimate is also the case for monospecific genera (9-16% of
species projected extinct) and bird families with five or fewer
species (11-20% of species projected extinct). Forest, marine,
and wetland habitats (Fig. 2c), and regions with large numbers
of island birds, are projected to experience the highest propor-
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Fig. 1. Current conservation status of bird species. Number of species in each group is in parentheses. Species that are endangered or more threatened
are considered functionally extinct and those that are vulnerable or more threatened are considered functionally deficient. (a) Distribution of extinction-
prone species based on primary diet. If omnivores are reclassified based on first diet choice, percentages do not change except for scavengers (32%). (b) More
specialization increases extinction risk; r2 = 0.851. Specialization index is the product of habitats used and food types consumed. Higher numbers indicate less
specialization. Species with an index of 32 or more have been pooled because of small sample sizes. (c) The likelihood of extinction based on primary habitat.
Human, human-dominated habitats such as farms, plantations, and towns. If forest birds are taken out, global average drops to 16%. (d) Regional distribution
of extinction-prone species. Regions displayed in Fig. 5, which is published as supporting information on the PNAS web site, are as follows: A, Austral; C,
Cosmopolitan; E, Eastern Hemisphere; F, Afrotropical; I, Indomalayan; M, Malagasy; N, Nearctic; L, Neotropical; O, Oceania; P, Palearctic; S, South Polar; and Z,
New Zealand. Each bird is placed in only one region. Two letters indicate combination regions (e.g., NP includes all bird species found in both Nearctic and
Palearctic regions).

tion of real and functional extinctions with Malagasy, New  southern cassowary Casuarius casuarius (18) and the three-
Zealand, and Oceanic regions forecasted to lose 26—-48% of their ~ wattled bellbird Procnias tricarunculata (19), have irreplaceable

species (Fig. 2d). roles in ecosystems despite initial impressions to the contrary
. . (19). Even generalist species may not be replaceable (20). In
Discussion addition, avian dispersers and pollinators for some plant com-

Bird extinctions and population reductions (5) in the 21st  munities, including Cape fynbos and tropical lowland humid
century may disrupt ecosystem processes and services of poten-  forest, have low equivalence, resulting in a high risk of plant
tial importance to society (15, 16). Declines in bird species that  extinctions from lost mutualisms (21). Because highly specialized
are important for a particular ecosystem process/service may  and evolutionarily unique species are more likely to go extinct,
not necessarily mean a decline in that process/service if the  the probability of others taking their place is reduced. Paralleling
populations of other functionally equivalent species increase in  the estimated decrease in the numbers of individual birds (5), a
response (17). On the other hand, many bird species, such as the =~ quarter of all European (22) and North American (23) bird
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Predicted percentages of extinct and functionally deficient bird species for 2100 based on scenario 2 (intermediate). Threatened and extinct species are

considered functionally deficient. Error bars, not used in a conventional sense, indicate averages of 10,000 simulations of scenarios 1 (best case) and 3 (worst case).
See Fig. 1 for category details. (a) Distribution based on primary diet. (b) Specialized species are more likely to be extinct (2 = 0.894) and functionally deficient
(r? = 0.879). (c) Distribution based on primary habitat. (d) Distribution among biogeographic regions. Some combination regions were excluded for the sake of

clarity.

species have significantly declined in the past three decades and,
globally, 78% of threatened bird species have continuously
diminishing populations. Such widespread declines mean that
the losses of sensitive species are not, overall, being compensated
by increases in other bird species.

Among the bird functional groups that are expected to have
more extinctions than average, nectarivores pollinate many plant
species and frugivores are important seed dispersers, both of
which have important consequences for plant populations and
community dynamics (Table 1). Declines in pollination (24) and
seed dispersal (20) as a result of bird extinctions may lead to
extinctions of dependent plant species (25). The former is
particularly important in the Austral, New Zealand, and Oceanic
regions, where the proportion of bird-pollinated plants is higher
than other parts of the world (26), and, in the case of the latter
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two regions, most of the presettlement avifauna is already extinct
(27). Even though there has been little research on the economic
importance of avian pollination and seed dispersal, our survey of
the literature (Table 1) reveals that bird pollination and dispersal
of a number of economically important species have been
demonstrated in Indomalayan, Neotropical, and Palearctic re-
gions, and avian seed dispersal is important in reducing the cost
of restoring degraded lands.

Little is known about the potential consequences of wide-
spread disappearance of fish eating and scavenging bird species.
There is an urgent need to investigate whether ongoing declines
in seabird populations may have unanticipated top-down or
bottom-up consequences as a result of trophic cascades or
significant reductions in nutrient deposition (Table 1). Because
most scavenging birds are highly specialized to rapidly dispose of
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Table 1. Ecological and economical contributions of avian functional groups

Functional Negative consequences of loss of
group Ecological process Ecosystem service and economical benefits functional group
Frugivores Seed dispersal Removal of seeds from parent tree; escape from Disruption of dispersal mutualisms; reduced

Nectarivores

Scavengers

Insectivores

Pollination

Consumption of
carrion

Predation on
invertebrates

seed predators; improved germination;
increased economical yield; increased gene
flow; recolonization and restoration of
disturbed ecosystems

Outbreeding of dependent and/or
economically important species

Removal of carcasses; leading other scavengers

to carcasses; nutrient recycling; sanitation

Control of insect populations; reduced plant
damage; alternative to pesticides

Piscivores Predation on fishes Controlling unwanted species; nutrient
and invertebrates deposition around rookeries; soil formation
and production of in polar environments; indicators of fish
guano stocks; environmental monitors

Raptors Predation on Regulation of rodent populations; secondary
vertebrates dispersal

All species Miscellaneous Environmental monitoring; indirect effects;

birdwatching tourism; reduction of
agricultural residue; cultural and economic

seed removal; clumping of seeds under
parent tree; increased seed predation;
reduced recruitment; reduced gene flow
and germination; reduction or extinction
of dependent species

Pollinator limitation; inbreeding and
reduced fruit yield; evolutionary
consequences; extinction

Slower decomposition; increases in
carcasses; increases in undesirable species;
disease outbreaks; changes in cultural
practices

Loss of natural pest control; pest outbreaks;
crop losses; trophic cascades

Loss of guano and associated nutrients;
impoverishment of associated
communities; loss of socioeconomic
resources and environmental monitors;
trophic cascades

Rodent pest outbreaks; trophic cascades;
indirect effects

Losses of socioeconomic resources and
environmental monitors; unpredictable
consequences

uses

Table annotated with source references is available as Table 2, which is published as supporting information on the PNAS web site.

the bodies of large animals, these birds are important in the
recycling of nutrients, leading other scavengers to dead animals,
and limiting the spread of diseases to human communities as a
result of slowly decomposing carcasses. In South Asia, the
combination of extremely rapid crash of vulture populations (28,
29), highly virulent diseases, and high human population density
may cause increases in incidences of anthrax, bubonic plague,
and rabies (28), but this potentially crucial interaction has not
been studied. In 1997, >30,000 of the world’s 35,000-50,000
rabies deaths took place in India (30) where feral dog and rat
populations have exploded after the decline of vultures (28).
Although less threatened than average, insectivorous birds
include more extinction-prone species than any other group.
Because of their high ecological specialization (31), many trop-
ical forest insectivores are highly sensitive to habitat fragmen-
tation (32), and 26% of these species are extinction-prone.
Exclusions of insectivorous birds from apple trees, coffee shrubs,
oak trees, and other plants have resulted in significant increases
in insect pests and consequent plant damage (Table 1). Natural
pest-control services are increasing in importance as inverte-
brate pests develop resistance to chemicals, and pesticide use is
curbed by environmental regulations and consumer trends (33).
Extreme specializations of many insectivorous birds, especially in
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the tropics, make it unlikely that other taxa can replace these
birds’ ecosystem services.

The societal importance of ecosystem services is often appreci-
ated only during their loss. Important avian guilds are in rapid
decline and consequent reductions in ecosystem processes are
likely. Disconcertingly, avian declines may in fact portray a best case
scenario because fish, amphibians, reptiles, and mammals are
1.7-2.5 times more threatened (10). Invertebrates, much less known
but far more speciose and arguably of greater ecological signifi-
cance, may also be disappearing faster (34). Investments in under-
standing and preventing declines in populations of birds and other
organisms will pay off only while there is still time to act.
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Supporting Information

Materials and Methods

Global Bird Database

We used the list of 9920 bird species accepted by BirdLife International as of

12/30/2003, with the exception of Gallirallus conditicius, Raphus solitarius, Hylocharis
pyropygia, and Phlegopsis barringeri, which are of dubious specific status (1). Initial
data entry error rate was 0.8% and each species was entered twice to reduce errors. For
location, we included biogeographical realm, latitudinal distribution, hemisphere, and
whether the species’ breeding is limited to islands or not. Upper and lower elevation
limits of each species’ center of abundance, as well as extreme values, delineated
altitudinal distribution. Main habitat types were coastal, desert, forest, grassland, human-
modified, riparian, rocky, savanna, sea (pelagic), shrubland/scrubland, wetland, and
woodland. Detailed descriptions are in the sample database. We ranked the habitat
preferences of each species, and calculated habitat breadth as the number of different
habitats used by each species.

Diet categories were fish, fruit, invertebrates, nectar, omnivore, plant parts (non-
reproductive), scavenger (carcass/garbage/offal), seeds, and vertebrates. For 8628
species, there was sufficient dietary information to rank diet preferences and to calculate
diet breadth as the number of different food types consumed. We assigned all species to
one of nine primary diet categories and one of 37 feeding guilds, extrapolating diet and
guild based on the diets of congeners for species with no published information. For 5989
species, we had information on clutch size and included normal minimum and maximum

values, ignoring extreme clutch sizes. We also noted if the species has long-distance



migration, altitudinal migration, long-distance dispersal, or irregular/nomadic
movements.

Each species’ conservation status has been evaluated by BirdLife International (2-
4). IUCN Red List categories are: Extinct since 1500 (129 species), Critically
Endangered (facing an extremely high risk of extinction in the wild in the immediate
future; 182 species), Endangered (facing a very high risk of extinction in the wild in the
immediate future; 331 species), Vulnerable (facing a high risk of extinction in the wild in
the medium-term; 681 species), Data Deficient (79), and Near Threatened (731 species
that are close to qualifying for or are likely to qualify for a threatened category in the near
future). For 1253 species, including all those that are Critically Endangered, Endangered,
and Vulnerable, we had data on types of threat, population size (or an educated guess by
BirdLife International), population trend, and range size. For an additional 3689 species,
we had data on range size class (5), going logarithmically from 10°-10% km? to 10’-10°
km”. We also noted if a species was range-restricted (6), i.e. global range less than 50,000
km? (2626 extant and 101 extinct species).
Scenarios
The rate of becoming threatened in scenarios was calculated from the changes between
1994-2003 IUCN Red Lists for birds and we calculated this rate as 0.0111. For scenario
3, this rate is allowed to increase by an arbitrary 0.01 for every decade. This is the only
arbitrarily determined parameter in the model although we tested it against z values in
species-area relationships in the literature. Given that the current global rate of loss of
native habitat is 1.1%/year (7), this increase of 0.01/decade is realistic and conservative

based on the range of z values calculated for various species-area relationships.



The general species-area relationship is S = kA”, where S = species richness, A is
area, and k and z are fitted parameters. Let’s assume we start with 1000 non-threatened
bird species in 2000. With scenario 2, where the rate of becoming threatened does not
increase, we end up with approximately 35 extinct and 965 extant species by 2100. With
scenario 3, which takes into consideration the loss of native habitat (independently
calculated to be 1.1%/year (7)), and thus increases the rate of becoming threatened 1%
every decade, we end up with ~136 extinct and 864 extant species by 2100. 1.1% habitat
loss per year translates to 67% habitat loss by 2100. Given our assumptions and
corresponding results, we can calculate the z value to see if it is in agreement with

published z values.

S, =k Ay* and S3; =k A5”

where 2 and 3 represent results of scenarios 2 and 3.

Then

log(S,) = log(k) + z log(A>) and log(S;) = log(k) + z log(A3).
Therefore

log(S,)-log(S;) = log(k) + z log(A2) — (log(k) + z log(As))

which means

z = (log(S2)-log(S3))/(log(A,) — log(A3))

where
Sz =965
S;= 864

A2:1



A3=0.33

and z = 0.0997.

The range of z values in the literature (8) are:

Mainland areas = 0.13-0.18

Islands = 0.25-0.33

“Provinces” = 0.6-0.97

where lower values mean fewer species going extinct per area lost. Since the z value we
calculated is lower than the lowest z value for mainland (and many bird species are
confined to islands), increasing the rate of becoming threatened by 0.01 per decade
conservatively accounts for the expected increases in bird extinctions caused by current
habitat conversion rates, even when we assume habitat loss will not result in wholesale
elimination of entire “provinces” such as the Indomalayan forest (9). Note that all of the
scenarios assume that there is no current “extinction debt” based on past habitat loss (10).
Even when we compare the results of scenario 3 to a case where none of the 1000 species
are extinct by 2100, we come up with a z value of 0.132, which is still in the lower range
of values calculated for mainland areas. However, habitat loss is not the only threat
factor, and exploitation, introduced species, climate change, and other threats also
increase likelihood of extinction, again emphasizing the conservative nature of our

predictions.
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Table 2 Ecological and economical contributions of avian functional groups

Functional Ecological process Ecosystem service and Negative consequences of
group economical benefits loss of functional group
Frugivores Seed dispersal (1-4) | Removal of seeds from Disruption of dispersal

parent tree (5-8); escape
from seed predators (9,10);
improved germination
(11,12); increased
economical yield (13-16);
increased gene flow (17-
19); recolonization and
restoration of disturbed
ecosystems (20-24)

mutualisms (25-27); reduced seed
removal (28); clumping of seeds
under parent tree (29); increased
seed predation (10); reduced
recruitment (28,30); reduced gene
flow (31,32) and germination
(12,33,34); reduction (35,36) or
extinction (37-40) of dependent
species

Nectarivores

Pollination (3,41,42)

Outbreeding of dependent
(42-44) and/or economically
important species (14,45)

Pollinator limitation (45,46);
inbreeding and reduced fruit yield
(47-52); evolutionary
consequences (41,45,53);
extinction (37,54)

Scavengers

Consumption of
carrion (55)

Removal of carcasses
(56,57); leading other
scavengers to carcasses
(55); nutrient recycling;
sanitation (56,57)

Slower decomposition (55);
increases in carcasses (56,57);
increases in undesirable species
(56,57); disease outbreaks
(56,57); changes in cultural
practices (56,58)

Insectivores

Predation on
invertebrates

Control of insect
populations (59-65);
reduced plant damage
(62,66,67); alternative to
pesticides (68-70)

Loss of natural pest control
(68,69); pest outbreaks (59,61,71);
crop losses (62); trophic cascades
(72)

Piscivores Predation on fishes Controlling unwanted Loss of guano and associated
and invertebrates species (73); nutrient nutrients (82); impoverishment of
deposition around rookeries | associated communities (83); loss
Production of guano | (74-78); soil formation in of socio-economic resources (84)
polar environments (79); and environmental monitors (81);
indicators of fish stocks trophic cascades (73,85)
(80); environmental
monitors (81)
Raptors Predation on Regulation of rodent Rodent pest outbreaks (89);
vertebrates populations (86,87) trophic cascades (72,90,91);
secondary dispersal (88) indirect effects (92)
All species Miscellaneous Environmental monitoring Losses of socio-economic

(93,94); indirect effects
(88,95-101); birdwatching
tourism (102-104);
reduction of agricultural
residue (105); cultural and
economic uses (106)

resources (102,107) and
environmental monitors (108);
unpredictable consequences (96)
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Supporting Table 3 Extinction-prone bird groups (global average = 20.7%). Near
threatened, threatened, and extinct species are considered extinction-prone. p values are
for %> comparisons with the global distribution. Migration status of 7 species, altitudinal
distributions of 113 species, body masses of 2598 species, and clutch sizes of 3927
species are unknown. Species described since 1993 are those not included in the Sibley-
Monroe list'%, but accepted by BirdLife International. Note that some of these variables
are correlated and not independent. See Supporting Table 3 for Pearson correlation
coefficients. References 3-11, among others, provide good examples of the literature on

the correlates of threat of extinction in bird species.

Category % extinction-

prone (p)
Island species (2296) 44.1 (<0.0001)
Sedentary (non-migrant; 6591) 25.5 (<0.0001)
Altitudinal range < 500m (2339) 35.2(<0.0001)
<500 m a.s.l. (1886) 31.3 (<0.0001)
23000 m a.s.l. (156) 26.5 (<0.01)
Body mass >1000 g (475) 38.5(<0.0001)
One egg clutch (454) 33.0 (<0.0001)
Monotypic genera (868) 25.2 (<0.0001)
<5 species in family (130) 33.8 (<0.0001)
Described since 1993 (305) 57.7 (<0.0001)
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Supporting Table 4 Pearson correlation coefficients (r, above diagonal) and p values

(below diagonal) for variables in Supporting Table 2. Island = Species limited to islands,

Move = Movement index composed of long-distance migration, altitudinal migration,

long-distance dispersal, and nomadic movements. MinAlt = Minimum elevational limit,

MaxAlt = Maximum elevational limit, Mass = Body mass, Clutch = Average clutch size,

G# = Number of species in genus, F# = Number of species in family, New spp. = Species

described since 1993.

Island
Move
MinAlt
MaxAlt
Mass
Clutch
G#

F#

New Spp.
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0.000
0.000
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Supporting Figure 3 A flowchart of the model the scenarios are based on. Pi, and Py,
are the rates at which restricted range (global extent of occurrence <50,000 km?”) and
other species become threatened respectively. For scenarios 2 and 3 these values are
recalculated for each decade, based on the ratios of threatened and non-threatened species
in the previous decade. P, v, P, g, and P, ¢ are the respective probabilities of restricted
range Vulnerable, Endangered, and Critically Endangered species going extinct and P, v,
Pk, and P, c are the same probabilities for non-restricted range species. For scenarios 2
and 3 these values are recalculated for each decade, based on the ratios of threatened and
extinct species in the previous decade. Examples of the probabilities for the time step
2020-2030 are given. For scenario 1, all species have equal probabilities of becoming
threatened and going extinct. V,, E,, and C, are the current proportions of threatened
species that are respectively Vulnerable, Endangered, and Critically Endangered. V. E,,
and C,are the corresponding values for restricted-range species. We used these values to
calculate the probability of assigning a newly threatened species to one of these threat
categories.

Supporting Figure 4 Distribution of extinction-prone bird species among feeding guilds.
Guilds are assigned based on types and order of preference of main food items. "Vertebrates"
do not include fish. “Plant Matter” is non-reproductive plant parts. Numbers in parentheses
refer to the number of species in that guild. a, Current distribution. b, Distribution in 2100
based on Scenario 2 (intermediate). Estimates of best and worst case scenarios are excluded
for the purpose of clarity. See Methods for definitions of terms.

1-Fish (55)

2-Plant matter, seeds (14)

3-Nectar (19)

4-Fruit, seeds (130)
S-Invertebrates, fish (128)
6-Aquatic invertebrates (82)
7-Carcasses, refuse (26)

8-Seeds, fruit (109)

9-Fish, invertebrates (197)

10-Plant matter (147)

11-Plant matter, invertebrates (262)
12-Fruit (388)

13-Flowers (nectar, petals, and/or seeds), fruit (57)
14-Invertebrates, plant matter (112)
15-Fruit, invertebrates, vertebrates (79)
16-Nectar, fruit (26)

17-Fruit, plant matter (46)
18-Vertebrates (168)

19-Omnivore (212)

20-Seeds, fruits, invertebrates (80)
21-Vertebrates, invertebrates (125)
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22-Fruit, invertebrates (613)
23-Invertebrates, flowers, fruit (181)
24-Fish, other vertebrates, invertebrates (90)
25-Invertebrates (3177)

26-Seeds (335)

27-Invertebrates, vertebrates (632)
28-Invertebrates, seeds (339)
29-Nectar, invertebrates (466)
30-Invertebrates, nectar (77)

31-Seeds, invertebrates (358)
32-Invertebrates, fruit (801)
33-Vertebrates, carcasses, refuse (46)
34-Invertebrates, seeds, fruit (119)
35-Flowers, fruit, invertebrates (101)
36-Seeds, plant matter (108)
37-Vertebrates, invertebrates, fruit (11)
ALL-AIll species (9916)

Supporting Figure 5 The biogeographical regions used in the global bird database.
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