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Abstract

Aim: Anthropogenic climate change is predicted to drive unprecedented increases in the
frequency and intensity of extreme climatic events, such as drought and cyclones. The impacts
of these events on fully migratory species could be particularly severe and have cascading
effects on the functioning of many ecosystems. We explore the relationships between
geography, taxonomy, extinction risk, and the exposure of fully migratory birds to drought and

cyclones.

Location: Global.

Time period: 1985-2014.

Major taxa studied: 383 fully migratory bird species.

Methods: We assessed exposure of fully migratory birds to cyclones and droughts, quantifying
exposure by calculating the percentage of spatial overlap between a species’ range and the
extent of an extreme event within a given time series. We compared the level of cumulative
exposure sustained by species among different taxonomic groups and within their breeding and
wintering ranges; we also assessed whether species currently classed as ‘threatened’ are more

cumulatively exposed than ‘non-threatened’ species.

Results: We identified fully migratory bird species highly exposed to extreme climatic events
and global geographic hotspots of species exposure. 4% of species were found to be highly
exposed to cyclones and droughts in both their wintering and breeding ranges. Wintering
ranges were, on average, more cumulatively exposed to cyclones than breeding ranges; there
was no discernible difference in drought exposure between ranges. Species currently classed
as threatened were shown to experience higher exposure to droughts than non-threatened ones

in both ranges.

Main conclusions: This exposure analysis provides the first step to a full global assessment of
fully migratory bird species’ vulnerability to extreme climatic events. Many species are at least
as exposed to extreme events within their wintering ranges as in their breeding ranges,
supporting calls for ‘full cycle’ assessment of migratory species’ vulnerability to climate
change. Our identification of hotspots of exposure may help to guide further monitoring,

research, and management.
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Introduction

Extreme climatic events are increasing in frequency, intensity, duration, and spatial extent in
many parts of the world due to anthropogenic climate change (IPCC, 2021; Murray & Ebi,
2012; Ummenhofer & Meehl, 2017), with their impacts being increasingly felt across
ecosystems worldwide. Numerous studies have underscored the dramatic impacts these events
can have on wildlife: cyclones have been associated with mass starvation and mortality among
North Atlantic seabirds (Clairbaux et al., 2021); heatwaves have triggered mass die-off events
in bat populations due to heat stress (WWF, 2020); and droughts have led to local extinction
of amphibian communities (Moss et al., 2021; Zylstra et al., 2019). Yet, vulnerability
assessments for many taxa currently fail to account for the influence of extreme climatic events
on species’ extinction risk. This omission could be particularly problematic for fully migratory
bird species, for two reasons: (i) these species are likely to be more exposed to extreme climatic
events, on average, than their sedentary counterparts. The marathon journeys carried out by
long-distance migrants, in particular, can be expected to expose them to a high level of climate
variability through space; this increases likelihood of exposure to extreme events as the
frequency of these events surges and their distributions become less predictable (IPCC, 2018).
(i) Many migratory species, including birds, already face a heightened risk of extinction
(Albers et al., 2023; Wilcove & Wikelski, 2008); intensifying extreme climatic conditions
could therefore push populations of these vulnerable species beyond survivable thresholds
(Harris et al., 2018; Murali et al., 2023).

Changes in the frequency, distribution, and intensity of extreme climatic events can be expected
to have direct and indirect impacts on fully migratory birds. Exposure to extreme events can
result in direct mortality, but they can also push individuals beyond their key physiological
thresholds (in terms of allostatic stress or resource deficiency), triggering an emergency
behavioural response where all energetic resources are devoted to survival (Wingfield et al.,
2017). These responses can result in trade-offs, such as delayed arrival to breeding areas or
even abandonment of reproduction, depending on when an event hits in a species’ yearly cycle
(Szostek & Becker, 2015). Carryover effects are thought to compound these deleterious
impacts on fitness from one season to the next (O’Connor et al., 2014). By virtue of their life
history, migrants have an intrinsic reliance on multiple locations being predictably viable and
highly productive within specific temporal windows of opportunity (Mettke-Hofmann, 2017).
Some of these sites are essential for breeding and wintering, while others provide a coherent
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network of stopover sites used by certain species to rest and recover replenish their energy
during migration. Given the extreme physiological demands of this annual cycle, exposure to
an extreme event at any point is likely to significantly affect survival and reproductive success
(Marra et al., 2015).

Unsurprisingly, several studies have documented population-level impacts of extreme climatic
events on migratory birds. Direct impacts, such as significantly reduced survival rates for adults
and fledglings during periods of extreme weather, have been reported, for example by the lesser
kestrel (Falco naumanni) (Marcelino et al., 2020). Extreme events such as storms and cold
snaps have moreover caused numerous mass mortality events (Newton, 2007), as illustrated by
an event in 1974 that resulted in the death of more than 40% of the breeding population of barn
swallows (Hirundo rustica) in northern and central Europe (Mgaller, 2011). Indirect population-
level impacts have also been documented, as seen with delayed onset of breeding in
hummingbirds (Graham et al., 2016) and tit species (Gladalski et al., 2014) when exposed to
drought events; such delays can coincide with a decline in body condition, as seen in the
burrowing owl (Athene cunicularia) and Lapland longspurs (Calcarius lapponicus) (Cruz-
Mcdonnell & Wolf, 2016; Krause et al., 2016). In a recent metanalysis (Maxwell et al., 2019),
cyclones and droughts were highlighted as the most prevalent types of extreme events affecting
birds and drought was highlighted as an ‘under-documented’ phenomenon in need of further
study. Yet, surprisingly perhaps, there has never been a systematic global assessment of birds’,
and particularly migratory bird species’, exposure to extreme climatic events. Without this
information, it is difficult to identify strategically relevant management interventions and
coordinate their deployment across regions or nations. Ultimately this knowledge gap impedes
our capacity to effectively safeguard these species in a changing climate (IPCC, 2021; Murray
& Ebi, 2012; Ummenhofer & Meehl, 2017).

To address this issue, this study assesses the extent to which fully migratory bird species are
exposed to extreme climatic events, focusing on both cyclones and droughts. Exposure, when
combined with species’ adaptive capacity (the biological traits that shape a species’ ability to
adjust to extreme events) and sensitivity (the biological traits that shape a species’ ability to
withstand extreme climatic events), makes up vulnerability to environmental pressures (Foden
et al., 2019). Exposure alone has been used as a valuable measure of vulnerability for species
where comprehensive data are lacking (Foden et al., 2019). Typically, studies assessing the

exposure to extreme events of sedentary, spatially scattered species to assume an equal effect
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across the entirety of a species’ geographic distribution (Ameca y Juarez et al., 2013; Duncan
et al., 2012; Zhang et al., 2020). However, for fully migratory species with distinct seasonal
ranges, another approach is required, and here we assess the seasonal (breeding and wintering)
ranges of each species separately. We expect exposure to cyclones to be greater in common
overwintering ranges in tropical and subtropical regions such as the North Atlantic and the
Western North Pacific (Ramsay, 2017; Fig 1b), where cyclones are frequent. Similarly,
droughts are predicted to become more common in the tropics (Naumann et al., 2018), and we
expect species ranges in these areas to be most exposed to droughts.

At present, the IUCN Red List of Threatened Species (hereafter ‘Red List’) does not
systematically incorporate extreme climatic events into species assessments (which are
updated, on average, every ten years; Cazalis et al., 2022) for determining conservation status.
Nevertheless, highly exposed migratory bird species are likely to be experiencing habitat loss
and population decline (due to cyclones (Wiley & Wunderle, 1993) and/or persistent droughts
(Cruz-Mcdonnell & Wolf, 2016; Maclean et al., 2008)), which are key assessment criteria
(TUCN, 2023). Furthermore, intrinsic traits that contribute to a species being listed as
threatened (such as a small range, or a high level of habitat specificity) may also increase
vulnerability to cyclones and droughts (Ameca y Juérez et al., 2014). Therefore, we expect
threatened species to be more exposed to extreme climatic events than non-threatened ones.
For similar reasons, we expect some taxonomic groups to be more exposed than others, as
particular groups may be limited to certain habitats and regions that are particularly prone to
extreme events, and it is more likely that species within a taxonomic group will share these
traits than species from different groups. Our study was designed to identify the fully migratory
bird species that are under the most pressure from cyclones and droughts, and any possible
geographic hotspots of exposure. We examine this both through a spatially explicit analysis,
looking at gridded risk globally, and through regional summaries, to highlight particularly
exposed regions. This study stands as a proof of concept that can be refined and implemented
for other migratory species, with the potential to inform Red List assessments. We hope our
method will help to guide monitoring efforts and inform decisions on relevant conservation

actions.
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Materials and methods
Species data

Species range data were obtained from a global dataset of the world’s bird species distribution
from BirdLife International (HBW & BirdLife International, 2020) as an ESRI File Geodatabase
(v10). We then filtered range polygons to only include ‘extant’ range polygons for the
‘breeding’ and ‘non-breeding’ (i.e., wintering) polygons of fully migratory species. We define
fully migratory bird species as those in which the whole population undergoes regular seasonal
directional migration between distinct, separate, breeding and wintering ranges. The migration
strategy of each species was determined using three databases of avian traits (Bird et al., 2020;
Eyres, 2017; Sheard et al., 2020), as well as the descriptions of migratory behaviour from the
Cornell Lab of Ornithology’s Handbook of the Birds of the World (del Hoyo et al., 2018).
Species removed included those where some or all members of the population are noted to be
resident, dispersive, or partial-migrants, or where individuals are known to stay within a certain
range for longer than one season. In total, 383 species were considered for our analysis (see
Supporting Information: Table S1.1).

As many of our analyses required accurate assessment of range size and other area-based
metrics, all polygons were reprojected into an equal-area Behrmann projection and then
rasterised at a resolution of 9.65 km (0.1° at the projection latitude of true scale at 30° NS). A
species was considered present in a cell if the range polygon covered the centre of the cell. For
each species, we compiled a list of months of the year when they are typically present in their
breeding or wintering range (see Table S2.1) using the Handbook of the Birds of the World
(del Hoyo et al., 2018) and eBird (Sullivan et al., 2009). data were deficient for poorly known
and rare species, we used inferences from the data of related species to fill the gaps to allow
their inclusion in the assessment as per the recommendation of Foden and colleagues (Foden
etal., 2019). For each data deficient species, we collated information on all other species in the
same genus, or if this was not available (such as for monophyletic species) we used the next
viable level of classification. We further filtered to only include related species that migrate
during the same quarter of the year from the same continent. This was carried out for 31 species
in total (Table S2.1).

For each fully migratory species, we collated several factors that may influence, or be

associated with, exposure; namely, IUCN status, taxonomic group and zoogeographic realm.
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Taxonomic and IUCN Red List information was obtained from the Handbook of the Birds of
the World digital checklist version 5 (HBW & BirdLife International, 2020). Zoogeographic
realms were based on those from Holt and colleagues (2013). We used taxon-specific
zoogeographic regions based on phylo-distributional data for species of birds only. In addition,
we collated information on species’ generation length; this was used to standardise exposure
metrics across species (see the “Quantifying Exposure to Cyclones and Drought” section
below). Data on generation length were obtained from a database of avian traits (Bird et al.,
2020) for all species except the South Island oystercatcher (Haematopus finschi) for which we
used a secondary source (IUCN, 2023). Spatial processing of species ranges and environmental
data was conducted using Python version 3.7 within an Anaconda virtual environment
(Anaconda, 2016), unless otherwise specified. Subsequent analyses were conducted in R
version 4.0.3 (R Core Team, 2020).

Cyclone data

Global cyclone data for the period 1985-2014 were compiled from the IBTrACS database
(Knapp et al., 2010), using v03r05 for the events 1970-2010, v03r06 for the events 2011-2012
and v03r07 for the events 2013-2015 (Knapp et al., 2018); data were obtained from the Global
Risk Data Platform produced by the UNEP/GRID-Geneva (dataset now deprecated)
(UNEP/GRID-Geneva, 2015). This dataset consists of polygons separating the evolution of
Saffir-Simpson categories from the speed of sustained winds by date along the track of each
individual cyclone event. Polygons were first reprojected to the Behrmann projection, and we
then excluded tropical storms and depressions (Saffir-Simpson category 0) and corrected
polygon geometry errors by applying and then removing a 10-metre buffer to all polygons. We
generated two summary datasets: overall event extent, used to calculate the overlap of
individual cyclones with species’ ranges, was generated by joining polygons by cyclone event
ID; and overall intensity, used to identify the spatial distribution of differing cyclone intensities,

was generated by joining polygons by event ID and category.
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Drought data

While there are many indices available to measure drought, we selected the Global
Precipitation Climatology Centre Drought Index (GPCC-DI) (Ziese et al., 2014) as it has near-
global coverage and combines two older, widely used indices: the standardized precipitation-
evapotranspiration index (SPEI) (Vicente-Serrano et al., 2010) and the standardized
precipitation index (SPI) (McKee et al., 1993) with adaptations from Deutscher Wetterdienst
(DWD) (Pietzsch & Bissolli, 2011). The values of these indices correspond to the number of
standard deviations that observed anomalies deviate from the long-term mean and allow
geographic regions with very different climates to be compared (WMO, 2012). The parameters
of the distribution function for SPI-DWD and SPEI in the GPCC-DI dataset were based on the
official WMO reference period for climate data, i.e., 1961 to 1990.

We obtained global monthly average GPCC-DI data from The Global Precipitation
Climatology Centre (Ziese et al., 2014) at a 1° resolution in a WGS84 projection. The final
dataset was compiled from two GPCC-DI datasets; Version 1 (2014 - present) and Version 1.1
retrospective analysis (1952-2013) to cover a desired time frame (1985 — 2014) that captures
the variation in species exposure to the recent history of drought events. We used GPCC-DI
data with a 12-month accumulation period for our analysis: where 12 consecutive months are
compared with the same 12 consecutive months in all previous years of available data. This
temporal grain reflects long-term patterns where dryness (indicated by values < 0, Table S1.2)
can be associated with a negative impact on the availability of water, food resources, vegetation
greenness, and other factors in the migratory birds’ habitat that can affect populations (Cady et
al., 2019; WMO, 2012; Zhang et al., 2020). We reprojected the GPCC-DI data onto the same
9.65km resolution Behrmann raster grid used for the species ranges. We calculated, for each
month during the study period, which grid cells were in drought as a binary variable, using a
threshold of <-1.5 (i.e., severe or extreme drought), following McKee’s original classification
(McKee et al., 1993).

Quantifying Exposure to Cyclones and Drought

Following recommendations from the IUCN-SSC’s guidelines for assessing species’

vulnerability to climate change (Foden & Young, 2016), we used an exposure analysis to assess



250
251
252
253
254
255

256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

73

274
275
276
277
278

the vulnerability of fully migratory birds to cyclones and drought. We quantified exposure by

calculating the percentage of spatial overlap between a species’ range and the extent of a

cyclone or drought event within a given time series (Ameca y Juérez et al., 2013; Duncan et

al., 2012; Zhang et al., 2019, 2020). We estimated two metrics of exposure for both cyclones

and drought and, in both cases, estimated separate exposure metrics for species’ breeding and

wintering ranges to climatic events during the period from 1985 to 2014.

1)

2)

Area of exposure. We calculated the area of overlap of breeding and wintering ranges of
each species with all climatic events that occurred during the seasons of occupancy for
each range type. For cyclones, we merged cyclone polygons across matching dates and
calculated the percentage overlap with species polygon ranges. For droughts, we combined
drought raster grids across matching months and calculated the percentage of species raster
range cells that experienced drought during the study period. For both events, a range with
an area of exposure of 0% did not experience drought or cyclones during the study period.
If the entire range has been impacted at least once, then the area of exposure will be 100%.
We define any species with an “area of exposure” score of over 25% as a “widely exposed
species” (Ameca y Juarez et al., 2013).

Cumulative exposure. This indicates how much cumulative exposure to cyclones or
drought a species’ range has experienced. For each climatic event, we estimated the area
of exposure of the species for each individual month that a species is present in the
breeding and wintering ranges during the study period. We calculated a cumulative
exposure score (C) for each climatic event, which was then scaled both by the total number
of months (Nm) that the species is exposed in the given range type and the species
generation length (Tg) in years, following the method of Zhang and colleagues (2019):

Exposure score = C X E X Ty
Np,

This metric is expressed per species per season (breeding or wintering) and is effectively
unitless, and so only allows relative comparison between species within a single type of
climatic event. A higher score indicates the species has been exposed to droughts or

cyclones more frequently over a larger proportion of its breeding or wintering range.

10
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For droughts, given a set of N, months that a species is present in a range type over the
study period, Cq is simply the sum across months of the percentage of range (p) which

overlaps drought events in each month:

i=1
Cq = z pi
Nm

For cyclones, a similar summation (C¢) is made across cyclone events, but the total

percentage of the range impacted by an event is scaled by the maximum Saffir-Simpson

intensity of the cyclone (w) and the total number of cyclone events impacting the range

during the study period (Nc).

C. = % X N,

To highlight the most exposed species, species were ordered from most to least exposed in
breeding and wintering areas using the calculated cumulative exposure scores for that stage in
their life cycle. Species were defined as having a high cumulative score if they were among the
top 25% of exposed species within either seasonal range, and families and regions containing
the highest numbers of most exposed species were documented. These exposure classifications
must be interpreted as relative measures and comparison of outputs from studies of other
taxonomic groups will not produce meaningful results. However, for a defined taxon and
climatic event, this method allows for the selection of species that can be further investigated
to determine whether they possess attributes that make them susceptible to environmental
changes caused by cyclones and/or drought, and hence likely to be most vulnerable and in need
of conservation management (Ameca y Juarez et al., 2013; Foden et al., 2019; Zhang et al.,
2019).

Statistical Analyses

All statistical analyses were performed in R version 4.0.3 (R Core Team, 2020). Non-
parametric tests were used to test our hypotheses as data (raw and transformed) repeatedly

violated the statistical assumptions of parametric tests.

We identified which species had an area of exposure score of more than 25%, species that

possessed the 25% highest cumulative exposure scores, areas where these highly exposed

11
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species occurred, and investigated whether species were typically exposed in one seasonal

range, two seasonal ranges, and to one or both types of extreme event.

To investigate whether there was a difference in the level of cumulative exposure sustained by
migratory bird species within their breeding and wintering ranges, we performed paired
Wilcoxon Signed-Rank tests on the overall exposure scores for cyclones and drought.
Independent two-group Mann-Whitney U tests were used to investigate whether there was a
significant difference in the level of cumulative exposure sustained by species currently classed
within ‘threatened’ (critically endangered, endangered, vulnerable) or ‘non-threatened’ (near
threatened, least concern) categories in the Red List (IUCN, 2023). These tests were run for

each extreme event, and breeding and wintering areas separately.

To investigate potential differences in the level of cumulative exposure faced by migratory bird
species within different zoogeographic realms, we performed a Kruskal Wallis test with

additional post-hoc pairwise independent two-group Mann-Whitney U tests.

Results

Overall, 67 species had a high area of exposure to cyclones in at least one seasonal range, 382
had a high area of exposure to drought, and 67 to both extreme climatic events. 17 species had
a high area of exposure to cyclones in both ranges, compared to 378 for drought. In total, 4.4%
(n = 17) of all species were widely exposed to both phenomena in both ranges. Exposure
metrics for all species are provided in the supporting information (Table S4.1)

A hundred and four species had high cumulative exposure to cyclones and 118 species had
high cumulative exposure to droughts (Table S1.3) in at least one seasonal range; forty species
had high cumulative exposure to both extreme events. Three species - the eastern whip-poor-
will (Antrostomus vociferus), the grey-faced buzzard (Butastur indicus), and the South Island
oystercatcher (Haematopus finschi) - were found to be highly cumulatively exposed to both
extreme climatic events within both ranges. Hotspots of cyclone exposure, defined as regions
with the highest median exposure scores, were in Australasia, East Asia, Madagascar, Central
America, and the Caribbean (Fig. 1; Supporting Information: S1.1; S1.3; Table S1.4; S1.5).

Hotspots of drought exposure, defined as regions with the highest median exposure scores,

12
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were in Australasia, Madagascar, the Congo Basin, Sub-Saharan Africa, the Arctic, Eurasia,
and East Asia. (Fig. 1; S1.2; S1.4; Table S1.4; S1.6).

Species with the highest cumulative exposure to cyclones within their breeding range were
mainly found within eastern North America and East Asia (Fig. 1c). Species classed with the
highest level of cumulative exposure in their wintering range were most densely concentrated
within Central America, the Caribbean, South-East Asia, and East Asia (Fig. 1d). Hotspots for
species with the highest cumulative drought exposure in their breeding range were the Arctic
regions and northern East Asia (Fig. 1e). Species with the highest levels of cumulative exposure
in their wintering range tended to be found in sub-Saharan Africa, the Congo Basin, southern
Asia, and East Asia (Fig. 1f). There was a significant difference in exposure between seasonal
ranges for cyclones (paired Wilcoxon Signed-Rank test: z=-5.62, p <0.001), and no statistical
difference for drought (z = -1.43, p = 0.15). Wintering ranges were on average more
cumulatively exposed to cyclones than breeding ranges (Fig. 2a), with wintering ranges
experiencing a median exposure score of 0.45 (IQR = 5.54) versus 0.06 (IQR = 1.80) in
breeding ranges. There was no discernible difference between the drought exposure scores
(Fig. 2b), though the most extreme cases of exposure were found within the breeding ranges.

Gruiformes (n = 10) and Caprimulgiformes (n = 9) were found to be the most cumulatively
exposed to cyclones in the breeding range, and the Anseriformes (n = 21) to be the most
exposed within the wintering ranges (see Fig. S1.5). The most cumulatively exposed species
within these groups were associated with regions that are frequently hit by cyclones: the North
Atlantic and Western North Pacific (see Fig. S1.3). For droughts, we found the Accipitriformes
(n = 8) and Anseriformes to be the most cumulatively exposed within both ranges (see Fig.
S1.6). As with cyclones, the most cumulatively exposed species within these groups associate
with specific hotspots of drought; typically wintering in regions such as Central and Northeast
Asia, and breeding in sub-Saharan Africa and South-East Asia. A species that typifies this
pattern is the endangered steppe eagle (Aquila nipalensis), which ranked as the most
cumulatively exposed species to drought within its wintering range. Additionally, many species
of Gruiformes were ranked amongst the highest species exposed, though with a high level of
variation (Table S1.3). Many species within this group, including the Siberian crane
(Leucogeranus leucogeranus), were found to have very small ranges located in Northeast Asia

resulting in extremely high exposure scores.

13
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Threatened species (n = 44) were shown to experience higher exposure to drought on average
than non-threatened ones (n = 339) in both breeding (Fig. 3c) and wintering (Fig. 3d) ranges.
The median difference in exposure between threatened and non-threatened species
(approximate Hodges-Lehmann estimator) was 43.22 for breeding and 49.03 for non-breading
ranges. As the maximum exposure score for drought was 1214.95 in breeding ranges, and
966.28 in wintering ranges, this means exposure scores were approximately 3.56% higher for
threatened species in breeding ranges, and 5.07% higher for threatened species in wintering
ranges. Results were significantly different for both the breeding (Mann-Whitney U test: U =
9690, p = 0.001) and the wintering ranges (U = 9677, p < 0.001). Many of the most extreme
instances of exposure recorded were for species that are classed as threatened. There was a
significant difference in cumulative exposure to cyclones between threatened and non-
threatened species in the wintering range (Mann-Whitney U test: U = 6012.5, p = 0.03) (Fig.
3b); however, this difference in exposure was small (approximate Hodges-Lehmann estimator:
0.01). As the maximum exposure score for cyclones was 119.97 in wintering ranges, this means
exposure scores were <0.01% higher in wintering ranges. There was, however, no significant
difference for the breeding range (Mann-Whitney U test: U = 6501, p = 0.15) (Fig. 3a).

Discussion

This study provides the first global assessment of fully migratory bird species’ exposure to two
key extreme climatic events, namely droughts and cyclones. Our findings suggest that almost
all the species considered have been directly exposed to cyclones (81%), and droughts (100%)
at some point in their life cycle in recent history. By examining the exposure of seasonal ranges
separately, we have shown that fully migratory birds are more exposed to cyclones within their
wintering ranges, while there is little difference between the ranges for droughts. Furthermore,
we have identified 182 species that are highly cumulatively exposed to one of these phenomena
within at least one seasonal range, and we have described geographic hotspots where species
are found to be most exposed to cyclones and droughts. Cyclones and droughts have a widely
documented capacity to impact populations through habitat loss, resource shortage, and
increased interspecies conflict (Zhang et al., 2019, 2020); being able to accurately and
comprehensively identify species threatened by these extreme events is thus key to secure their
future. Exposure analyses utilising historic and spatial data, such as those carried out here,
could offer a systematic approach to objectively identify assessments where such threats should
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be listed. Such an approach could further enhance the accuracy, transparency, and efficiency

of species threat assessments, facilitating decision making in the face of climate change.

Our work suggests that extreme climatic events, such as cyclones and droughts, could
potentially be currently underrepresented as threats to migratory birds in Red List assessments.
Only 10 (2.6%) of the fully migratory bird species included in this study are currently listed
with cyclones as a threat under the Red List’s ‘climate change and severe weather’ category,
and only 18 (4.7%) are listed with droughts (IUCN, 2023). Of the species known to be affected
by extreme events in the Red List threat criteria, two species are found to be classed as ‘highly
cumulatively exposed’ to cyclones in this study, and eleven species to droughts. For cyclones,
this includes the vulnerable chimney swift (Chaetura pelagica) and near-threatened piping
plover (Charadrius melodus) —and for drought, this includes critically endangered species such
as the sociable lapwing (Vanellus gregarius) and non-threatened species such as the

grasshopper buzzard (Butastur rufipennis).

The classification of 182 ‘highly cumulatively exposed’ species (Table S1.3) could represent a
substantial increase in the number of species listed under the Red List’s threat categories for
cyclones and droughts. For this to happen, though, vulnerability to these events needs to be
established; this may be done by demonstrating high sensitivity or low adaptive capacity. This
can be done using trait-based assessments (Foden et al., 2019). For example, we found
Gruiformes and Caprimulgiformes were the taxonomic groups most exposed to cyclones, while
Acciptriformes were the most exposed to drought; Anseriformes were among the most exposed
groups to both types of extreme events. Insight into the life history of these species can help
inform how vulnerable these groups may be. Gruiformes and Anseriformes, for example, are
found in places where cyclones may result in extensive flooding and habitat loss, and where
drought may result in the loss of key prey or habitat patches. Gruiformes, Acciptriformes, and
Anseriformes moreover typically have long lifespans, low reproductive output and therefore a
long generation time. For such species, loss of breeding habitat for a single year may not have
significant population-level impacts, but large adult mortality events could. Alternatively,
vulnerability could be determined by building on recently developed methods that can
supplement our work on species’ exposure, for example those aiming at calculating intrinsic
susceptibility scores (Zhang et al., 2019). Previous research into the effects of climate change
on migratory birds has suggested that we are likely to be underestimating the number of
threatened species by 18-49% (Zurell et al., 2018). Underestimating the level of threat that
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extreme climatic events pose to migratory birds could soon put some species at higher risk of
extinction by missing current opportunities to support vulnerable populations. Relevant
conservation actions, in that respect, may include setting up new, effective, protected areas;
habitat restoration; additional shelter provision; food supplementation; translocations to
augment species distributions; and the abatement of other concurrent threats (Runge et al.,
2015; Hakkinen et al. 2023).

Several species (including the aquatic warbler Acrocephalus paludicola and the buff-breasted
sandpiper Calidris subruficollis) that are not highly exposed to cyclones or drought in our
assessment are listed as threatened by extreme events on the Red List (8 species for cyclones,
7 for drought). It is possible that these species have an elevated vulnerability to extreme events
due to a heightened sensitivity, resulting in an elevated perceived threat. For example, a
species’ high specialisation and dependence on specific habitats and food resources susceptible
to cyclones and drought may elevate their vulnerability to extreme events. Similarly, some of
these species may be more sensitive to extreme climatic events because they are already likely
facing other threats that would limit their ability to resist or recover from the impacts caused
by events such as drought or cyclones. It is thought that historic exposure to a particular
disturbance event can shape the life history of a species such that they are better equipped to
cope with repeated exposures (Grant et al., 2017; Wright, 1999). There are limits to this,
however, and it is important to note that the climate these species initially adapted to has and
IS continuing to change; with the potential to exceed their thresholds for coping (Harris et al.,
2018). As many species have sustained repeated exposure to extreme events over the 30 years
of this study we expect a baseline level of resilience, but as climatic baselines shift it may be
tough for the intrinsic traits of many species to adapt quickly enough to avoid declines. Equally,
it is important to acknowledge that while some species can exhibit rapid adaptation to changing
environmental conditions, others may struggle to cope with high levels of environmental

variability and could potentially face local extirpation.

One pattern of specific interest uncovered by this study is the indication that species categorised
as ‘threatened’ on the Red List are more exposed to drought than other species (Fig. 3). There
was also a significant difference in exposure to cyclones between threatened and non-
threatened species in their wintering ranges (with threatened species being on average less
exposed to cyclones than non-threatened species). However, the difference in exposure to

cyclones was extremely small. For droughts, the difference in exposure was substantial, and

16



462
463
464
465
466
467
468

469
470
471
472
473
474
475
476
477
478
479
480
481

482
483
484
485
486
487
488
489
490

491

492

areas with multiple highly exposed and threatened species are present in Central America, Sub-
Saharan Africa, Asia, Southern Europe, and Arctic regions; regions that are also known to be
under increasing anthropogenic pressures. In these areas, synergistic interactions between
multiple pressures (for example, land use change and climate change) could play a growing
role in shaping the local distribution and population dynamics of migrating birds, with, for
example, anthropogenic degradation of species’ habitats likely to compromise their coping

strategies (Ameca y Juérez et al., 2012).

For migratory birds, timing is everything. Their whole life cycle is defined by synchronous
pulses of resources. Correspondingly, mismatches resulting from small alterations to this
pattern can have a devastating impact on the fitness of the individual (Carey, 2009). A species’
level of adaptive capacity and sensitivity is also determined by timing; or rather, what part of
the life cycle exposure occurs within (Wingfield et al., 2017). If an individual is lucky, it may
be able to use facultative dispersal to evade the impacts of an extreme event; but this can be
extremely disruptive, and can only be employed as a last resort at more sensitive periods of
their cycle such as when breeding or moulting (Wingfield et al., 2017). Furthermore, due to the
scale of many drought events and the rapid onset of cyclone events, this strategy may be in
vain and has its own associated physiological costs. Many climate change assessments of
migratory birds have so far almost exclusively focused on breeding ranges (Foden et al., 2019;
Gardali, 2012), yet our results highlight the need to consider all seasonal ranges, thereby

supporting calls for ‘full cycle’ assessment of migratory birds’ vulnerability to climate change.

On a global scale, the conservation of migratory species is key to maintaining the functional
diversity of ecosystems and avoiding cascades of extinction in the face of growing
anthropogenic pressures (Bauer & Hoye, 2014). This study has identified fully migratory bird
species with relatively high exposure to two extreme climatic events, and geographic hotspots
where these species are concentrated. By analysing the seasonal ranges separately, we have
highlighted the importance of full-cycle analyses of migratory birds and isolated life stages that
are likely to need further monitoring. When combined with a trait-based assessment, this
information will be vital to inform large-scale conservation planning exercises and highlights

where more detailed assessments are needed.

References

17



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

Albers, H. J,, Lee, K. D., Martinez-Salinas, A., Middleton, A., Murphy, M., Newbold, S., &
Stoellinger, T. (2023). How Ecological Characteristics of Seasonal Migratory Species
Influence Conservation Threats and Policy Needs. Https://Doi.Org/10.1086/723886,
17(1), 91-110. https://doi.org/10.1086/723886

Ameca y Judrez, E. I., Mace, G. M., Cowlishaw, G., & Pettorelli, N. (2014). Identifying species’
characteristics associated with natural population die-offs in mammals. Animal
Conservation, 17(1), 35-43. https://doi.org/10.1111/acv.12053

Ameca y Juarez, Eric I., Mace, G. M., Cowlishaw, G., Cornforth, W. A., & Pettorelli, N. (2013).
Assessing exposure to extreme climatic events for terrestrial mammals. Conservation
Letters, 6(3), 145-153. https://doi.org/10.1111/J.1755-263X.2012.00306.X

Ameca y Judrez, Eric I., Mace, G. M., Cowlishaw, G., & Pettorelli, N. (2012). Natural
population die-offs: Causes and consequences for terrestrial mammals. Trends in
Ecology and Evolution, 27(5), 272-277. https://doi.org/10.1016/j.tree.2011.11.005

Anaconda. (2016). Anaconda Software Distribution (v2-2.4.0). Anaconda Inc. Retrieved from
https://docs.anaconda.com/

Bauer, S., & Hoye, B. J. (2014). Migratory animals couple biodiversity and ecosystem
functioning worldwide. Science, 344(6179). https://doi.org/10.1126/science.1242552

Bird, J. P., Martin, R., Akcakaya, H. R., Gilroy, J., Burfield, I. J., Garnett, S. T., ... Butchart, S. H.
M. (2020). Generation lengths of the world’s birds and their implications for extinction
risk. Conservation Biology, 34(5), 1252-1261. https://doi.org/10.1111/cobi.13486

Cady, S. M., O’Connell, T.J,, Loss, S. R., Jaffe, N. E., & Davis, C. A. (2019). Species-specific and
temporal scale-dependent responses of birds to drought. Global Change Biology, 25(8),
2691-2702. https://doi.org/10.1111/gcb.14668

Carey, C. (2009). The impacts of climate change on the annual cycles of birds. Philosophical
Transactions of the Royal Society B: Biological Sciences, 364(1534), 3321-3330.
https://doi.org/10.1098/rstb.2009.0182

Cazalis, V., Di Marco, M., Butchart, S. H. M., Ak¢akaya, H. R., Gonzalez-Sudrez, M., Meyer, C.,
... Santini, L. (2022). Bridging the research-implementation gap in [IUCN Red List
assessments. Trends in Ecology and Evolution, 37(4), 359—-370.
https://doi.org/10.1016/j.tree.2021.12.002

Cruz-Mcdonnell, K. K., & Wolf, B. 0. (2016). Rapid warming and drought negatively impact
population size and reproductive dynamics of an avian predator in the arid southwest.
Global Change Biology, 22(1), 237-253. https://doi.org/10.1111/gcb.13092

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D. A., & de Juana, E. (2018). HBW Alive:
Handbook of the Birds of the World Alive. Retrieved 20 March 2018, from Lynx
Edicions, Barcelona website: https://www.hbw.com/

Dodd, C. K., & Dreslik, M. J. (2008). Habitat disturbances differentially affect individual
growth rates in a long-lived turtle. Journal of Zoology, 275(1), 18-25.
https://doi.org/10.1111/j.1469-7998.2007.00402.x

Duncan, C., Chauvenet, A. L. M., McRae, L. M., & Pettorelli, N. (2012). Predicting the future
impact of droughts on ungulate populations in arid and semi-arid environments. PLoS
ONE, 7(12), €51490. https://doi.org/10.1371/journal.pone.0051490

Eyres, A., Bohning-Gaese, K., & Fritz, S. A. (2017). Quantification of climatic niches in birds:
adding the temporal dimension. Journal of Avian Biology, 48(12), 1517-1531.
https://doi.org/10.1111/jav.01308

18



538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583

Foden, W. B., & Young, B. E. (2016). IUCN SSC guidelines for assessing species’ vulnerability
to climate change. Version 1.0 (Occasional paper of the IUCN Species Survival
Commission No. 59). Cambridge, UK.

Foden, Wendy B., Young, B. E., Ak¢akaya, H. R., Garcia, R. A., Hoffmann, A. A, Stein, B. A,, ...
Huntley, B. (2019). Climate change vulnerability assessment of species. Wiley
Interdisciplinary Reviews: Climate Change, 10(1), e551.
https://doi.org/10.1002/wcc.551

Gardali, T., Seavy, N. E., DiGaudio, R. T., & Comrack, L. A. (2012). A climate change
vulnerability assessment of California’s at-risk birds. PLoS ONE, 7(3), e29507.
https://doi.org/10.1371/journal.pone.0029507

Gladalski, M., Banbura, M., Kaliiski, A., Markowski, M., Skwarska, J., Wawrzyniak, J., ...
Banbura, J. (2014). Extreme weather event in spring 2013 delayed breeding time of
Great Tit and Blue Tit. International Journal of Biometeorology, 58(10), 2169-2173.
https://doi.org/10.1007/s00484-014-0816-6

Graham, C. H., Supp, S. R., Powers, D. R., Beck, P., Lim, M. C. W., Shankar, A., ... Wethington,
S. M. (2016). Winter conditions influence biological responses of migrating
hummingbirds. Ecosphere, 7(10), e01470. https://doi.org/10.1002/ecs2.1470

Grant, P. R, Rosemary Grant, B., Huey, R. B., Johnson, M. T. J., Knoll, A. H., & Schmitt, J.
(2017). Evolution caused by extreme events. Philosophical Transactions of the Royal
Society B: Biological Sciences, 372(1723). https://doi.org/10.1098/rstb.2016.0146

Handmer, J., Honda, Y., Kundzewicz, Z. W., Arnell, N., Benito, G., Hatfield, J., ... Yamano, H.
(2012). Changes in impacts of climate extremes: Human systems and ecosystems. In
Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation: Special Report of the Intergovernmental Panel on Climate Change (pp.
231-290). Cambridge University Press (CUP).
https://doi.org/10.1017/CB09781139177245.007

Harris, R. M. B., Beaumont, L. J., Vance, T. R., Tozer, C. R., Remenyi, T. A., Perkins-Kirkpatrick,
S.E., ... Bowman, D. M. J. S. (2018). Biological responses to the press and pulse of
climate trends and extreme events. Nature Climate Change, 8(7), 579-587.
https://doi.org/10.1038/s41558-018-0187-9

HBW, & BirdLife International. (2017). Handbook of the Birds of the World and BirdLife
International digital checklist of the birds of the world. Retrieved from
http://datazone.birdlife.org/userfiles/file/Species/Taxonomy/HBW-
BirdLife_Checklist_Version_2.zip

IPCC. (2018). Global Warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of
climate change, (V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P. R.
Shukla, ... T. Waterfield, Eds.). Retrieved from https://www.ipcc.ch/sr15/

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, ... B.
Zhou, Eds.). Cambridge, United Kingdom: Cambridge University Press.
https://doi.org/10.1017/9781009157896.

IUCN. (2023). The IUCN Red List of Threatened Species. Retrieved from
https://www.iucnredlist.org.

19



584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

Knapp, K. R., Diamond, H. J., Kossin, J. P., Kruk, M. C., & Schreck, C. J. (2018). International
Best Track Archive for Climate Stewardship (IBTrACS) Project (vO3r05, vO3r06 and
v03r07). NOAA National Centers for Environmental Information.
https://doi.org/10.25921/82ty-9e1

Knapp, Kenneth R., Kruk, M. C., Levinson, D. H., Diamond, H. J., & Neumann, C. J. (2010). The
International Best Track Archive for Climate Stewardship (IBTrACS): Unifying Tropical
Cyclone Data. Bulletin of the American Meteorological Society, 91(3), 363—-376.
https://doi.org/10.1175/2009BAMS2755.1

Krause, J. S., Pérez, J. H., Chmura, H. E., Sweet, S. K., Meddle, S. L., Hunt, K. E., ... Wingfield, J.
C. (2016). The effect of extreme spring weather on body condition and stress
physiology in Lapland longspurs and white-crowned sparrows breeding in the Arctic.
General and Comparative Endocrinology, 237, 10-18.
https://doi.org/10.1016/j.ygcen.2016.07.015

Maclean, I. M. D., M., R. M., Delany, S., & Robinson, R. A. (2008). The Effects of Climate
Change on Migratory Waterbirds within the African-Eurasian Flyways. BTO Research
Report, 486, 1-99. Retrieved from https://www.unep-
aewa.org/en/publication/migratory-waterbirds-and-climate-change-effects-within-
african-eurasian-flyways

Marcelino, J., Silva, J. P., Gameiro, J., Silva, A., Rego, F. C., Moreira, F., & Catry, . (2020).
Extreme events are more likely to affect the breeding success of lesser kestrels than
average climate change. Scientific Reports 2020 10:1, 10(1), 1-11.
https://doi.org/10.1038/s41598-020-64087-0

Marra, P. P., Cohen, E. B,, Loss, S. R, Rutter, J. E., & Tonra, C. M. (2015). A call for full annual
cycle research in animal ecology. Biology Letters, 11(8).
https://doi.org/10.1098/rsbl.2015.0552

Maxwell, S. L., Butt, N., Maron, M., McAlpine, C. A., Chapman, S., Ullmann, A., ... Watson, J.
E. M. (2019). Conservation implications of ecological responses to extreme weather
and climate events. Diversity and Distributions, 25(4), 613—625.
https://doi.org/10.1111/ddi.12878

McKee, T. B., Nolan, J., & Kleist, J. (1993). The relationship of drought frequency and
duration to time scales. Eighth Conference on Applied Climatology, 1-6. Anaheim,
California: American Meteorological Society.

Mettke-Hofmann, C. (2017). Avian movements in a modern world: cognitive challenges.
Animal Cognition, 20(1), 77-86. https://doi.org/10.1007/s10071-016-1006-1

Miller, T. E., Gornish, E. S., & Buckley, H. L. (2010). Climate and coastal dune vegetation:
Disturbance, recovery, and succession. Plant Ecology, 206(1), 97—-104.
https://doi.org/10.1007/s11258-009-9626-z

Megller, A. P. (2011). Behavioral and life history responses to extreme climatic conditions:
Studies on a migratory songbird. Current Zoology, 57(3), 351-362.
https://doi.org/10.1093/czoolo/57.3.351

Murali, G., Iwamura, T., Meiri, S., & Roll, U. (2023). Future temperature extremes threaten
land vertebrates. Nature, 1-7. Retrieved from
https://www.nature.com/articles/s41586-022-05606-z

Murray, V., & Ebi, K. L. (2012). IPCC Special Report on Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation (SREX). J Epidemiol Community
Health, 66(9), 759-760. https://doi.org/10.1136/JECH-2012-201045

20



630 Naumann, G., Alfieri, L., Wyser, K., Mentaschi, L., Betts, R. A., Carrao, H., ... Feyen, L. (2018).

631 Global Changes in Drought Conditions Under Different Levels of Warming. Geophysical
632 Research Letters, 45(7), 3285-3296. https://doi.org/10.1002/2017GL076521

633  Newton, I. (2007). Weather-related mass-mortality events in migrants. Ibis, 149(3), 453—
634 467. https://doi.org/10.1111/j.1474-919X.2007.00704.x

635 O’Connor, C. M., Norris, D. R., Crossin, G. T., & Cooke, S. J. (2014). Biological carryover

636 effects: Linking common concepts and mechanisms in ecology and evolution.

637 Ecosphere, 5(3), 1-11. https://doi.org/10.1890/ES13-00388.1

638  Parry, M., Canziani, O., Palutikof, J., van der Linden, P., & Hanson, C. (2007). Climate change
639 2007: impacts, adaptation and vulnerability. Report of the IPCC (M. Parry, O. Canziani,
640 J. Palutikof, P. van der Linden, & C. Hanson, Eds.). Cambridge, United Kingdom and New
641 York, USA. Retrieved from

642 http://www.ipcc.ch/publications_and_data/ar4/wg2/en/contents.html

643 Pietzsch, S., & Bissolli, P. (2011). A modified drought index for WMO RA VI. Advances in
644 Science and Research, 6(1), 275-279. https://doi.org/10.5194/asr-6-275-2011

645 R Core Team. (2020). R: A language and environment for statistical computing. Vienna,

646 Austria: R Foundation for Statistical Computing. Retrieved from https://www.r-

647 project.org/

648 Ramsay, H. (2017). The Global Climatology of Tropical Cyclones. Oxford Research

649 Encyclopedia of Natural Hazard Science.

650 https://doi.org/10.1093/acrefore/9780199389407.013.79

651  Robinson, R. A., Crick, H. Q. P., Learmonth, J. A., Maclean, I. M. D., Thomas, C. D., Bairlein, F.,
652 ... Visser, M. E. (2009). Travelling through a warming world: climate change and

653 migratory species. Endangered Species Research, 7(2), 87-99.

654 https://doi.org/10.3354/ESRO0095

655 Runge, C. A, Watson, J. E. M., Butchart, S. H. M., Hanson, J. O., Possingham, H. P., & Fuller,
656 R. A. (2015). Protected areas and global conservation of migratory birds. Science,

657 350(6265), 1255—-1258.

658 https://doi.org/10.1126/SCIENCE.AAC9180/SUPPL_FILE/RUNGE-SM.PDF

659  Sheard, C., Neate-Clegg, M. H. C., Alioravainen, N., Jones, S. E. |., Vincent, C., MacGregor, H.
660 E. A, ... Tobias, J. A. (2020). Ecological drivers of global gradients in avian dispersal
661 inferred from wing morphology. Nature Communications, 11(1), 1-9.

662 https://doi.org/10.1038/s41467-020-16313-6

663  Spinoni, J.,, Naumann, G., Carrao, H., Barbosa, P., & Vogt, J. (2014). World drought

664 frequency, duration, and severity for 1951-2010. International Journal of Climatology,
665 34(8), 2792-2804. https://doi.org/10.1002/joc.3875

666  Sullivan, B. L., Wood, C. L, lliff, M. J., Bonney, R. E., Fink, D., & Kelling, S. (2009). eBird: A
667 citizen-based bird observation network in the biological sciences. Biological

668 Conservation, 142(10), 2282-2292. https://doi.org/10.1016/j.biocon.2009.05.006

669  Szostek, K. L., & Becker, P. H. (2015). Survival and local recruitment are driven by

670 environmental carry-over effects from the wintering area in a migratory seabird.

671 Oecologia, 178(3), 643—657. https://doi.org/10.1007/s00442-015-3298-2

672 Ummenhofer, C. C., & Meehl, G. A. (2017). Extreme weather and climate events with

673 ecological relevance: A review. Philosophical Transactions of the Royal Society B:

674 Biological Sciences, 372(1723). https://doi.org/10.1098/rstb.2016.0135

675 UNEP/GRID-Geneva. (2015). Global Risk Data Platform: Cyclone-Tracks. Retrieved from
676 https://wesr.unepgrid.ch/

21



677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714

715

716
717

718

719

Vicente-Serrano, S. M., Begueria, S., & Lépez-Moreno, J. I. (2010). A multiscalar drought
index sensitive to global warming: The standardized precipitation evapotranspiration
index. Journal of Climate, 23(7), 1696—1718. https://doi.org/10.1175/2009JCLI2909.1

Wilcove, D. S., & Wikelski, M. (2008). Going, Going, Gone: Is Animal Migration Disappearing.
PLOS Biology, 6(7), e188. https://doi.org/10.1371/JOURNAL.PBI0.0060188

Wiley, J. W., & Wunderle, J. M. (1993). The effects of hurricanes on birds, with special
reference to Caribbean islands. Bird Conservation International, 3(4), 319-349.
https://doi.org/10.1017/50959270900002598

Wingfield, J. C., Pérez, J. H., Krause, J. S., Word, K. R., Gonzdlez-Gémez, P. L., Lisovski, S., &
Chmura, H. E. (2017). How birds cope physiologically and behaviourally with extreme
climatic events. Philosophical Transactions of the Royal Society B: Biological Sciences,
372(1723). https://doi.org/10.1098/rstb.2016.0140

World Meteorological Organization. (2012). Standardized precipitation index: user guide (M.
Svoboda, M. Hayes, & D. Wood., Eds.). WMO-No. 1090. Retrieved from
https://public.wmo.int/en/resources/library/standardized-precipitation-index-user-
guide

Wright, P. C. (1999). Lemur traits and Madagascar ecology: coping with an island
environment. American Journal of Physical Anthropology, Suppl 29, 31-72.
https://doi.org/10.1002/(sici)1096-8644(1999)110:29+<31::aid-ajpa3>3.0.co;2-0

WWE. (2020). Living Planet Report 2020 - Bending the curve of biodiversity loss. (R. E. A.
Almond, M. Grooten, & T. Petersen, Eds.). Gland, Switzerland.

Zhang, L., Ameca, E. I., Cowlishaw, G., Pettorelli, N., Foden, W., & Mace, G. M. (2019). Global
assessment of primate vulnerability to extreme climatic events. Nature Climate Change
2019 9:7, 9(7), 554-561. https://doi.org/10.1038/s41558-019-0508-7

Zhang, L., Pacifici, M., Li, B. v., & Gibson, L. (2020). Drought vulnerability among China’s
ungulates and mitigation offered by protected areas. Conservation Science and
Practice, 2(4), e177. https://doi.org/10.1111/csp2.177

Ziese, M., Schneider, U., Meyer-Christoffer, A., Schamm, K., Vido, J., Finger, P., ... Becker, A.
(2014). The GPCC Drought Index - A new, combined and gridded global drought index.
Earth System Science Data, 6(2), 285-295. https://doi.org/10.5194/essd-6-285-2014

Zurell, D., Graham, C. H., Gallien, L., Thuiller, W., & Zimmermann, N. E. (2018). Long-distance
migratory birds threatened by multiple independent risks from global change. Nature
Climate Change, 8(11), 992—996. https://doi.org/10.1038/s41558-018-0312-9

Conflict of Interest Statement

None declared.

Data accessibility statement
All the underlying data will be made available on Dryad following acceptance of the

manuscript.

22



720
721

722
723

724
725
726
727
728
729
730

731

FIGURES

Breeding Wintering

Figure 1. Species richness and exposure to cyclones and droughts of fully migratory bird
species in their breeding (left panels) and wintering ranges (right panels). Fully migratory bird
species are those species in which the whole population undergoes regular seasonal directional
migration between distinct, separate, breeding and wintering ranges. Overall species richness
is shown (a, b) and then the richness of species with the highest 25% of cumulative exposure
to cyclones (c, d) and drought (e, f). Cumulative exposure scores were calculated from extreme
climatic events for the period 1985-2014.
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Figure 2. The distribution of fully migratory birds’ cumulative exposure scores within breeding
and wintering ranges for cyclones (a) and droughts (b) for the period 1985-2014. Boxplots
display the median and interquartile range of each group. Note that exposure scores for

droughts and cyclones are on different scales and should not be directly compared.
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Figure 3. The distribution of cumulative exposure scores to cyclones (a, b) and droughts (c, d)
for migratory bird species listed as ‘Threatened’ or ‘Non-Threatened’ in the Red List. The first
column (a, ¢) shows exposure scores during the breeding season. The second column (b, d)
shows exposure scores during the wintering season. Boxplots display the median and
interquartile range of each group. Note that exposure scores for droughts and cyclones are on
different scales and should not be directly compared.
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