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Migratory birds can be adversely affected by climate change as they encounter

its geographically uneven impacts in various stages of their life cycle. While a

wealth of research is devoted to the impacts of climate change on distribution

range and phenology of migratory birds, the indirect effects of climate change

on optimal migratory routes and flyways, through changes in air movements,

are poorly understood. Here, we predict the influence of climate change on the

migratory route of a long-distant migrant using an ensemble of correlative

modelling approaches, and present and future atmospheric data obtained

from a regional climate model. We show that changes in wind conditions by

mid-century will result in a slight shift and reduction in the suitable areas

for migration of the study species, the Oriental honey-buzzard, over a critical

section of its autumn journey, followed by a complete loss of this section of the

traditional route by late century. Our results highlight the need for investi-

gating the consequences of climate change-induced disturbance in wind

support for long-distance migratory birds, particularly species that depend

on the wind to cross ecological barriers, and those that will be exposed to

longer journeys due to future range shifts.
1. Introduction
Global climate change is projected to have severe impacts on migratory species,

as they might face alterations in their breeding, wintering and stopover areas,

as well as en route [1]. Migratory birds are already responding to climate warming

through geographical range shifts [2], as well as changes in phenology [3,4],

migratory strategies [5], fitness [6] and demography [7]. Unsurprisingly, tempera-

ture and precipitation are the most commonly used variables in research on the

impacts of climate change on migratory birds, as they determine the general suit-

ability of habitats and breeding success. Variables related to air movement have

also been considered in a handful of studies, but mostly due to their correlation

with the timing of spring arrival of migratory birds [8–11]. Atmospheric currents,

especially wind, play a significant role in shaping migratory routes and facilitat-

ing long-distance flight [12–14], particularly for species whose morphology and

flight characteristics result in higher dependence on air movements for route

selection, such as soaring raptors [15,16]. Thus, alterations in the pattern and

strength of wind and other forms of air movement as a consequence of climate

change can subsequently influence the efficiency and spatial distribution of opti-

mal migratory routes of birds. Attempts at predicting such influences remain very

limited in the scientific literature, however.

Predicting the response of natural phenomena to climate change is possible

through general circulation models (GCMs), which estimate the future values of

climate variables by taking into account physical atmospheric and oceanic pro-

cesses. Correlative niche models are commonly used to address the spatial

changes in distribution range of migratory birds in the face of climate change
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Table 1. Average performance (AUC and TSS) and variable importance (and standard deviation, s.d.) calculated for individual algorithms and the ensemble model.

algorithm

model performance variable importance (s.d.)

AUC TSS Wind_v Wind_u BLH

GLM 0.94 0.84 0.64 (0.035) 0.66 (0.045) 0.04 (0.041)

GBM 0.93 0.82 0.55 (0.025) 0.54 (0.056) 0.35 (0.082)

GAM 0.91 0.81 0.61 (0.044) 0.62 (0.028) 0.35 (0.073)

MaxEnt 0.93 0.83 0.44 (0.039) 0.68 (0.026) 0.09 (0.051)

ensemble 0.96 0.87 0.54 (0.017) 0.58 (0.015) 0.1 (0.003)
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as defined by GCMs [17]. Although the migratory niche of a

bird, defined as the environmental conditions that birds

prefer en route, can be modelled using correlative approaches

[18], to our knowledge no studies have used such methods

to make predictions about optimal migratory routes under

climate change scenarios.

In this study, by using an ensemble of correlative modelling

approaches and atmospheric data for the present and future,

we investigated the potential changes in the optimal migra-

tory route of the Oriental honey-buzzard Pernis ptilorhynchus,

an East Asian soaring raptor, over a critical section of its

autumn migration.
2. Material and methods
We used two regression-based (GLM, generalized linear model;

GAM, generalized additive model) and two machine-learning-

based algorithms (GBM, generalized boosted model; MaxEnt,

maximum entropy) to build an ensemble model of the migratory

niche of Oriental honey-buzzards over the East China Sea region

(1168–1338 E and 268–428 N) in autumn. We focused on this

relatively small section of the autumn journey as it is characterized

by an approximately 680 km non-stop flight over the East China

Sea between southwestern Japan and China, and is very likely to

be shaped solely by atmospheric conditions [18,19]. Such indepen-

dence of biotic interactions (e.g. prey availability and competition)

and dispersal restraints can increase the reliability of a niche model

and its transferability across time and space [20].

We modelled the contemporary relationship between honey-

buzzard migration routes and wind conditions based on en route
locations derived from satellite-tracking of 31 adult birds (2006–

2013). Training points were taken from Nourani et al. [18] and

background points were selected as described therein. Explanatory

variables included eastward (wind-u) and northward (wind-v)

components of the wind and planetary boundary layer height

(BLH) as a proxy of convective conditions, with higher BLH corre-

sponding to stronger convective conditions [21,22]. We used 80%

of the satellite telemetry locations for model development and

20% for testing the models. Models were evaluated using a

10-fold cross-validation procedure and true skills statistic (TSS),

and area under the receiver operating characteristic curve (AUC)

metrics were calculated for classification accuracy. We used

models with AUC . 0.8 and TSS . 0.7 to generate an ensemble

model following a weighted (proportional) average approach

[23]. We then projected the niche model to the values of explana-

tory variables averaged for the present (2006–2013), the middle

(2046–2055) and the end (2091–2100) of this century. Projections

to future conditions were done separately for two scenarios of cli-

mate change. All analyses were done using biomod2 package [24]

in R environment v. 3.3.1 [25].
All projections of atmospheric variables for the period of

autumn migration (from 11 September to 20 October [19]), and

averaged for the present (2006–2013) and two periods in the

future (mid-century: 2046–2055; late century: 2091–2100), were

obtained from HadGEM3-RA Regional Climate Model (RCM)

developed by National Institute of Meteorological Research in

South Korea through the CORDEX-East Asia database (https://

cordex-ea.climate.go.kr/). This RCM provides projections under

two climate change scenarios, Representative Concentration

Pathways (RCPs) 4.5 and 8.5, which we used in this study. RCPs

are greenhouse gas concentration trajectories as adopted in the

Fifth Assessment Report (AR5) of the Intergovernmental Panel

on Climate Change (IPCC) [26]. The RCP4.5 scenario assumes

a peak in greenhouse gas emissions around 2040, followed

by a decline, while the RCP8.5 scenario (i.e. the business-as-usual

scenario) assumes that emissions continue to rise throughout the

twenty-first century [27]. Wind variables were downloaded

at the 850 MB pressure level with a 6 h temporal resolution.

This pressure level corresponds with the average flight height of

the birds [19]. Furthermore, it was the lowest-pressure-level data

available from the above-mentioned RCM. Only daytime data

were used for model building as birds complete this section of

migration during the day. BLH was downloaded at daily intervals

(at 12.00 UTC). All variables were interpolated to 0.028 cell size

before averaging.

Model projections for conditions exceeding the limits experi-

enced during model building are not reliable [17,28]. Biomod2

identifies areas in the future data where values are outside the

range of those of the current conditions and presents them as a

clamping mask. These areas should be interpreted with caution

or removed from the final model.
3. Results
The modelling algorithms used for building an ensemble model

of the migratory niche of Oriental honey-buzzards over the

East China Sea region in autumn had high discrimination

capacity and accuracy (table 1). The final ensemble model was

successfully cross-validated (table 1) and correctly predicted

most observations (sensitivity ¼ 97.7%; specificity ¼ 89.5%).

Eastward and northward winds had very similar average

importance in the ensemble model. Boundary layer height

had the smallest effect in model building (table 1; for response

curves see electronic supplementary material, figure S1).

Visualizations of projecting the niche model to the current

and future conditions showed dramatic changes in the suit-

ability of an autumn migration route over the region under

both scenarios. Based on the contemporary atmospheric con-

ditions, suitable locations for migration between Japan and
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Figure 1. Ensemble model projection for the regions of suitable atmospheric conditions during the autumn migration of Oriental honey-buzzards in the present
(2006 – 2013). Black dots represent en route locations of Oriental honey-buzzards marked with satellite transmitters (2006 – 2013) used for model-building. The
dashed ellipse indicates the location of the Goto Islands, where the birds depart at the start of their autumn migration. (Online version in colour.)
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China occur over the East China Sea (figure 1). The mid-

twenty-first century will see a slight northward shift in suitable

areas, with a considerable reduction in the area and connec-

tivity of the highly suitable areas (figure 2a,b), with more

severe conditions under the RCP4.5 scenario. At the end of

the century, however, our model identified suitable areas to

the east of the Korean Peninsula under RCP4.5 (figure 1c)

and a small patch of moderate suitability under RCP8.5

(figure 1d), all of which lie outside the traditional route and

cannot provide a complete route from Japan to China.

Areas identified as having values outside the range used for

training the model, as shown by the clamping masks (figure 2),

were predicted as unsuitable by the model. See electronic

supplementary material, figure S2 for a comparison of monthly

averages of wind speed over the East China Sea region,

calculated for the traditional route in the three time periods.
4. Discussion
We have shown that predicted alterations in atmospheric

conditions caused by climate change have the potential to

adversely affect the suitability of traditional avian migratory

routes. The ecological consequences of such changes for

Oriental honey-buzzards can be severe as we approach the

end of the century, particularly because our projections did

not reveal alternative routes at the modelled altitude and

dates for the birds to migrate from Japan to China.

(a) Mid-century conditions
As Oriental honey-buzzards start their migration from the

Goto Islands of Japan (figure 1) towards China, they depend

highly on thermals and tailwinds to complete the sea crossing

[18,19]. Wind conditions over the Goto Islands are expected to
remain somewhat suitable by mid-century under both climatic

scenarios. The overlap between the current and the mid-

century suitable locations for migration over the East China

Sea region makes it likely for the birds to gradually shift their

route to fly over the more suitable areas. Such behavioural

adjustments, by learning from individual experience or by

observing others, can happen relatively quickly [29,30]. It has

been previously shown that birds, including soaring raptors,

have high phenotypic plasticity of migratory routes [31,32].

However, it remains unclear whether Oriental honey-buzzards

have the necessary adaptive potential relative to the speed

of climate change. Satellite tracking of one juvenile bird indi-

cates that in this population of Oriental honey-buzzards,

juveniles migrate separately from adults [33], suggesting

strong endogenous control on the choice of migratory route

and limited possibility for cultural transmission of new suitable

routes. It is therefore highly probable that many individuals fol-

lowing their innate migratory route would attempt to cross the

sea at areas that are no longer suitable and would perish at sea,

as they are unable to perform flapping flight over such a long

distance in the absence of tailwinds. Thus, the population of

the Oriental honey-buzzard breeding in Japan is very likely

to face new environmental conditions that will require an adap-

tive response, which may imply processes of severe natural

selection, if routes are kept as at present.

The connectivity of suitable areas in mid-century compared

with the current conditions will be reduced under both scen-

arios. Conditions under the RCP4.5 scenario are particularly

concerning because the areas identified as suitable do not

extend all the way to China. Such reductions and large gaps

between suitable migration areas indicate higher energetic

costs of crossing the sea, due to the need for the birds to

switch to flapping flight where conditions are not suitable,

and potentially an increase in the duration of migration over
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Figure 2. Ensemble model projections for the regions of suitable atmospheric conditions during the autumn migration of Oriental honey-buzzards for (a) mid-
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the region. The resulting poor migratory performance can lead

to delayed arrival in Southeast Asian wintering grounds,

where the birds face high competition with other raptors

[34]. Moreover, the associated carry-over effects can further

affect the individuals negatively.

Our results showed more severe conditions under the

optimistic RCP4.5 scenario than the most pessimistic scen-

ario, RCP8.5. It is important to note that the relationship

between wind and increased greenhouse gas concentration

is complex, and in our study area it depends on the global cir-

culation patterns under each scenario, particularly over the

Pacific Ocean. As changes in wind conditions from RCP4.5

to RCP8.5 are not unidirectional (electronic supplementary

material, figure S2), we did not observe a clear reduction in

suitability when moving from RCP4.5 to RCP8.5. Moreover,

the strong variability of wind can be responsible for our

results. By averaging data over longer periods of time than

we used in this study, it might be possible to remove the

strong variability in wind patterns (I. Takayabu 2017, per-

sonal communication). We urge future studies to consider
this when deciding on the appropriate time periods for

studying wind conditions.
(b) Late-century conditions
By the end of this century, the region is likely to lose its suitability

for autumn migration of Oriental honey-buzzards altogether.

Under RCP8.5, this is likely to be due to the weaker winds

(electronic supplementary material, figure S2). Under RCP4.5,

however, winds will be stronger (electronic supplementary

material, figure S2), even more so than the maximum wind

speed in the present conditions, hence the clamping mask over

the region (figure 2c). Our projections show that such high

wind speeds will not be suitable for the birds to migrate over

the East China Sea.

The loss of suitability of the traditional route shown by

our results can severely affect this population of Oriental

honey-buzzards. However, migratory birds are able to assess

atmospheric conditions, particularly wind, to decide the best

time for departure [35]. It can therefore be expected that
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Oriental honey-buzzards will delay their departure due to

unsuitability of atmospheric conditions. It has been suggested

that autumn conditions will start later due to climate change,

indicating the possibility that suitable wind conditions over

the region can occur later in the year, leading to a temporal

adjustment of Oriental honey-buzzards over the region. The

overall changes in wind patterns over the traditional route do

not clearly suggest a delay of autumn conditions, however

(see electronic supplementary material, figure S2). Moreover,

although such temporal adjustments can save the population

from extinction, the birds will bear the costs of delayed arrival

in wintering grounds. Another possibility for the population to

survive would be to adjust their migratory strategy, by either

becoming sedentary (see [30,36]) or switching to an overland

route through the Korean peninsula and China while fuell-

ing their migration by adopting a stop-and-forage strategy.

Again, it remains unclear whether the population will be

able to adapt to such changes through phenotypic adjustments

or evolutionary responses over such a short period of time.
149
5. Concluding remarks
This study is one of the first attempts at investigating the

greatly overlooked, but potentially severe, indirect effects of

climate change on migratory routes of birds through altera-

tion of atmospheric conditions. Our results are not to be

considered as the definite future for the Oriental honey-

buzzards in the region, however, as our analyses were

restricted to a single RCM and a single pressure level (i.e. alti-

tude). The use of an ensemble of climate models can improve

the outcome of projections [37], and considering various alti-

tudes allows for a more thorough understanding of changes

in atmospheric conditions. Although many general circula-

tion models are available, and cover a range of variables at

different altitudes and under all RCPs worldwide, we

advise against using them directly in ecological studies as

they have low spatial resolutions and require downscaling

to suit the small scale of animal movement. RCMs provide

such downscaled data, and it is important to note that the

characteristics of data provided by many RCMs are decided

based on the needs of the end-users (e.g. ecologists). We

therefore encourage ecologists to make contact with RCM

developers in their region for collaboration and to negotiate

their specific data requirements.

Atmospheric conditions are the facilitators of migration in

many long- and short-distance migrants worldwide [12,14].

Investigating how climate change can disturb wind support

for migratory species is crucial, particularly for species that
depend on the wind to cross ecological barriers such as

water bodies and deserts (e.g. [38,39]), and those that are pre-

dicted to be exposed to longer journeys due to range shifts

caused by climate change [2].

Although our study covered only a small portion of the

autumn migratory route of the study species, it is important

to note that due to the uneven impacts of climate change in

different parts of a single migration journey [40], local-scale

and high-resolution studies are required to address these

issues efficiently. Additionally, modelling the complete

routes of long-distance migratory birds, or parts that include

flying over land (e.g. the spring migration of Oriental honey-

buzzards [41]), will involve challenges, as birds in such

circumstances are not only affected by atmospheric con-

ditions, but also by changes in land use and biotic

interactions. Therefore, apart from atmospheric conditions,

changes in the quality and distribution of suitable stopover

and refuelling areas need to be accounted for as they might

also alter the migratory routes of birds and lead to deviations

from optimal wind-defined traditional routes.

Additionally, it is important to gain better knowledge of

the flexibility and adaptive response of migratory species to

a range of wind conditions. This can be studied by taking

advantage of among-year variations in wind conditions

by monitoring the migratory behaviour of individuals in

different years using high-resolution tracking.
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