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Although migration is a widespread phenomenon across a range of taxa, the evolution of migratory behaviour 
remains insufficiently understood. Therefore, the aim of this study was to examine the relationships between migra-
tory behaviour and life history traits of diurnal birds of prey (Accipitriformes) in a phylogenetic context and also 
to investigate the bioclimatic suitability of geographical ranges for migratory raptors. We performed phylogenetic 
generalized least square analysis, using a previously published phylogenetic tree of 179 accipitrid raptors, to identify 
relationships among distribution patterns, diet, hunting strategies, body measurements, clutch size, and migratory 
behaviour. Bioclimatic data were employed into computer learning maximum entropy modelling (Maxent) to specify 
differences between climatic conditions on breeding and wintering grounds. Clutch size and hunting strategies have 
been proved to be the most important variables in shaping distribution areas, and also the geographic dissimilari-
ties may mask important relationships between life history traits and migratory behaviours. However, this result 
supports the need for distinctions among the three major migratory routes in raptors. Indeed, the West Palearctic-
Afrotropical and the North-South American migratory systems are fundamentally different from the East Palearctic-
Indomalayan system, owing to the presence versus absence of ecological barriers. This suggests that the migratory 
behaviours differ among the three main migratory routes for these species. Future studies could uncover the causes 
of differences among the three main flyways in more detail.

ADDITIONAL KEYWORDS: biogeography – clutch size – comparative phylogenetic methods – ecology barriers –  
habitat – hunting strategies – maximum entropy modelling – raptors.

INTRODUCTION

Few comparative and species-rich studies are known 
to provide detailed explanations for the evolutionary 
origins and ecology of migratory systems in birds. 
Two mutually non-exclusive theories seek to explain 
the evolution of migration (Rappole & Jones, 2002; 
Bruderer & Salewski, 2008; Milner-Gulland, Fryxell 
& Sinclair, 2011). First, the ‘tropical origin’ hypothesis 
proposes that long-distance migration evolved from 
sedentary, tropical populations (Cox, 1985; Salewski 
& Bruderer, 2007), whereas the second one is that 
changes in the breeding territories of northern-distrib-
uted species support the ‘northern origin’ hypothesis 
that predicts that climatic constraints, such as winter 

conditions, are predominantly responsible for the evo-
lution of migratory systems (Bell, 2000, 2005; Bruderer 
& Salewski, 2008). Long-distance and short-distance/
partial migration could have been originated in very 
different ways. While the former is fixed or could be 
fixed over time under genetic controls (Alerstam et al., 
2003; Helm, 2006; Newton, 2008; Milner-Gulland 
et al., 2011), the latter is more plastic (‘ad hoc’); thus, 
regularity is even harder to be formed in it (Newton, 
2008; but see also Biebach, 1983).

Either way, the basal diversification of raptors 
was predicted to have originated in Africa (Ericson, 
2012; Nagy & Tökölyi, 2014), which implies that there 
was likely to have been independent and multiple 
evolution of long-distance migratory routes among 
different lineages. However, changes in migratory 
behaviour might also be a result of geographical *Corresponding author: E-mail: jenonagy.off@gmail.com
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processes as adaptation to various climatic chal-
lenges (Newton, 2003; Germi et al., 2009; Seeland 
et al., 2012; Polakowski et al., 2014). Therefore, we 
may also expect essential differences among the West 
Palearctic-Afrotropic, East Palearctic-Indomalayan, 
and Nearctic-Neotropic migratory routes, based 
on bioclimatic considerations, as a result of a high 
degree of dissimilarity of these biogeographic realms 
and their different geological histories. For example, 
the East Asian migratory flyways are quite different 
from the migratory routes of Europe and Africa or the 
New World (Greenberg et al., 2008; Germi et al., 2009; 
Polakowski et al., 2014) due to more gradual tem-
poral changes of landscapes. However, the presence 
of a land bridge between North and South America 
and the Caribbean archipelago allows less hazardous 
migration than in the Old World, where migrants need 
to cross large areas of both desert and sea (Newton, 
2008). However, the Mexican Plateau could serve as 
an important barrier, because many bird species from 
northern regions winter just north of it.

According to a recent survey, migration has been 
shown to have evolved at multiple times in accipitrid 
raptors and probably originated in tropical biogeo-
graphic realms, parallel to the range expansion of 
species towards northern latitudes (Nagy & Tökölyi, 
2014). Previous studies have obtained similar results 
in a variety of avian groups (e.g. Joseph et al., 1999; 
Outlaw et al., 2003; Milá et al., 2006). However, little is 
known about how ecological (e.g. climatic and life his-
tory) factors influenced the emergence of migration in 
birds, especially for birds of prey.

The evolution of birds of prey in different phyloge-
netic groups was studied previously (Thiollay, 1998; 
do Amaral et al., 2009; Ericson, 2012). The diversifi-
cation of migratory behaviour in each group might be 
a result of the isolation of lineages on different con-
tinents, which was induced by the ascension of taxa 
originated from Australia, South America, and Africa 
(Ericson, 2012). Although the migration ecology of 
accipitrid raptors was studied by previous research-
ers (see, e.g., Newton, 2008; Nagy & Tökölyi, 2014), 
migratory systems on different geographic scales 
require further research. Specifically, the role of cli-
matic modulations in migratory patterns of raptors 
in different migratory systems is not yet fully under-
stood, especially in a phylogenetic context. According 
to up-to-date and large-scale biogeographic studies, 
birds of prey (excluding falcons and New World vul-
tures) are thought to be of African origin (Ericson, 
2012). The diversification of diurnal raptors began 
approximately 40 million years ago, which was inten-
sified during the Oligocene–Miocene epoch and con-
tinued until recent times (Nagy & Tökölyi, 2014). 
Similar patterns were detected in buteonine hawks 

(do Amaral et al., 2009) and in a wider range of avian 
families globally (Ericson et al., 2006; Jetz et al., 
2012). Due to their life history and ecology, raptors 
were able to spread and consequently, have adapted 
to various environmental conditions. The ability to 
migrate may also have played a fundamental role in 
this success.

In some evolutionary processes, such as dimor-
phism in diurnal raptors, dietary specialization is a 
known life history attribute that may have resulted 
in significant effects on predator–prey interactions. 
For instance, a previous study concluded that poly-
morphic buteos consume more mammalian prey than 
monomorphic buteos (Roulin & Wink, 2004) although 
the inclusion of phylogenetically distinct falcons may 
have influenced the findings. In addition to distri-
bution, dietary generalization and habitat affinity 
may have also played a fundamental role, as Nagy 
& Tökölyi (2014) found a correlation between migra-
toriness and these factors. We therefore predict that 
reliance on warm-blooded prey or carcasses is more 
important during wintering for nonmigratory species, 
whereas migratory taxa are characterized by dietary 
breadth, which provides the opportunity to find food 
during migration and on their wintering grounds: for 
instance, the evolution of a generalist diet is associ-
ated with migratory lineages (Nagy & Tökölyi, 2014). 
Meanwhile, diet may require different hunting strat-
egies and consequently divergently adapted morpho-
logical structures, as Roulin & Wink (2004) found 
divergences in wing length between polymorphic and 
monomorphic raptors. We thus predict differences 
in migratory behaviour in relation to body size and 
wing–tail ratio, which are connected to resource parti-
tioning and thus to niche segregation among coexist-
ing raptors (Brown, 1976).

Our study aims to (1) test which ecological and life 
history traits show strong connectedness with the 
evolution of migration in a phylogenetic context in 
diurnal birds of prey, (2) explain how climatic factors 
are related to migratoriness – classified as migratory 
or nonmigratory – of each species, and (3) identify 
dissimilarities in these factors related to the three 
migratory systems. Many examples show that clutch 
sizes are larger in migratory species than in nonmi-
grants (see, e.g., Bruderer & Salewski, 2009; Jahn 
& Cueto, 2012; Barve & Mason, 2015; but see also 
Böhning-Gaese et al., 2000). Because migration may 
be costly (Newton, 2008), mostly due to the higher 
mortality of the young, unexperienced individuals 
during the migratory journey (examples for raptors in 
Strandberg et al., 2009; Klaassen et al., 2014; Oppel 
et al., 2015), we expect that it would be compensated 
by a definable shift in reproductive attempts as meas-
ured by clutch size.
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MATERIALS AND METHODS

Life history traits

We compiled an extensive database of the life history 
traits of 179 accipitrid birds of prey, including their 
migratory and hunting behaviours, body measure-
ments, clutch sizes, and their distribution (Table 1). 
More specifically, migratory behaviour was divided 
into three classes (based on, e.g., Kondo & Omland, 
2007; do Amaral et al., 2009): (1) nonmigrant, (2) par-
tial migrant (if part of the populations of a species 
is migratory), or (3) obligatory migrant (species with 
clearly distinguishable breeding and wintering areas). 
We merged Classes 2 and 3 as migratory for further 
analyses to balance the numbers of migratory and 
nonmigratory species.

We categorized diet (main prey types) into nine 
classes: (1) bird, (2) mammal, (3) reptile, (4) fish, (5) 
amphibian, (6) crustacean, (7) insect, (8) worm (inver-
tebrate prey other than insects), and (9) carrion. 
Each type of prey was assigned a rank as calculated 
by the frequency of its consumption, whereas dietary 
breadth and reliance on warm-blooded prey (bird and 
mammal) or carcasses were calculated for both dur-
ing and outside the breeding season (e.g. Roulin & 
Wink, 2004; Nagy & Tökölyi, 2014). For example, the 
Eastern Imperial Eagle (Aquila heliaca) feeds mostly 
on mammals, birds, reptiles, carrion, occasionally 
fish, and insects (Ferguson-Lees & Christie, 2001); 
thus, its dietary breadth amounts to six, calculated 
as the number of prey item groups. The mean dietary 
score of mammals, birds, and carrion was used to 
assess the degree of reliance on warm-blooded prey 
or carcasses.

Hunting behaviours were classified as hunting (1) 
in the air, (2) on the ground, or (3) by both ways. As 
flying skills highly depend on morphological param-
eters, we collected data on body size measurements 
(Table 1), in particular on the ratio of wing to tail, 

which is a robust metric of aerodynamic perfor-
mance, because body shape significantly affects the 
duration, length, or technique of flight during migra-
tion (Kerlinger, 1989; Bildstein, 2006; Newton, 2008; 
Polakowski et al., 2014). We classified species into 
eight categories based on the direction of the devia-
tion from the average length (in millimetres) of wing 
and tail: first category is assigned when (1) both wing 
and tail are shorter than average, (2) shorter wing 
and longer tail indicate a second category, (3) longer 
wing and longer tail delimit a third category, and (4) 
longer wing and shorter tail form a further category. 
These four categories have been identified for both 
small- and large-bodied species.

Habitat preferences were classified as forest or open 
habitat (grassland, savannah, and water surface), 
which defined a factor including these two categories. 
The role of types of food or habitat was emphasized by 
Thiollay (1998) who found that South Asian mainland 
and islands differ for raptors as indicated by both food 
and habitat specialization.

PhyLogenetic anaLyses

We used the multivariate phylogenetic generalized 
least square approach applying Brownian motion 
fitting (nlme package in R; Pinheiro et al., 2015) to 
identify which life history factors affect migratory 
behaviour. The phylogenetic tree published in Nagy 
& Tökölyi (2014; see Fig. S1 in Appendix S1) was used 
for our analyses using data for more than a hundred 
raptor species where information was available for 
all variables. Significant values of several pairwise 
models of a simple run (migratory behaviour as a 
dependent variable and one of the explanatory vari-
ables) form the base of a model selection (Bartoń, 
2015). Model selection approach evaluates all mod-
els (all possible combination of variables) based on 
Akaike’s information criterion (AIC). We considered 

Table 1. Variables used for analyses (type of variables in parentheses)

Variable Number of species Sources

Migration (categorical) 179 Ferguson-Lees & Christie (2001)
Habitat (categorical) 179 Ferguson-Lees & Christie (2001)
Hunting strategy (categorical) 179 Ferguson-Lees & Christie (2001)
Clutch size (continuous) 154 Jetz et al. (2008)
Distribution (categorical) 179 BirdLife International (2015)
Diet (categorical, rank) 179 Ferguson-Lees & Christie (2001)

Diet breadth
Reliance on warm-blooded prey

Calculated for this study

Proportion of wing/tail (continuous) 169 Ferguson-Lees & Christie (2001)
The Birds of North America Online  

(2015) (Rodewald, 2015)
Body size dimorphism between sexes (categorical) 179 Calculated for this study
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models with the smallest AIC value (delta AICc < 4). 
All analyses were performed in the R v3.2.2 statis-
tical computing environment (R Development Core 
Team, 2015).

Although we found a very strong impact of dis-
tribution of species on migratory behaviour of rap-
tors showing that only realms differ significantly 
in model selection (Table 2), we split our data set 
into three classes of migratory system: (1) species 
of North and South America (N = 40), (2) species of 
West Palearctic-Afrotropical (N = 50), and (3) spe-
cies of East Palearctic-Indomalayan (N = 33). This 
approach allows the analysis of important factors 
potentially masked by their geographic distribution. 
Those few species that are presented in more than 
one migratory system (Aquila clanga, Aquila nipalen-
sis, Circaetus gallicus, Circus macrourus, Circus 
pygargus, Gypaetus barbatus, Hieraaetus fasciatus, 
and Hieraaetus pennatus in two and Buteo lagopus 
and Pandion haliaetus in three) were included in all 
data sets.

BiocLimatic variaBLes and migration

We downloaded bioclimatic variables of ten arc-min-
utes resolution from the WorldClim database (http://
www.worldclim.org/, last accessed: 25.11.2015). The 
bioclimatic variables have been made for creating 
biologically more meaningful variables that indicate 
annual tendencies, seasonality, and limiting environ-
mental factors. To avoid confounding the results, we 
calculated correlations between variables (Hijmans, 
2015) where clusters were built based on Pearson’s 
correlation coefficient. We used uncorrelated vari-
ables for implementing computer learning maximum 
entropy modelling (Maxent 3.3; Phillips & Dudík, 
2008). Only variables resulting from separated 
branches were retained with a preference for longer 
time periods (quarters). As a result, we used tempera-
ture seasonality, mean temperature of driest quarter, 
mean temperature of warmest quarter, precipitation 
seasonality, and precipitation of driest quarter as 

predictors. Coordinates were sampled from distribu-
tion shape files of migratory species. The appropriate 
number of sample points for a species was calculated 
by the percentage of 1000 random points based on the 
proportion of breeding distribution range of species 
divided by the largest breeding range. We replicated 
all runs five times by cross-validation and extended 
the projection for wintering and year-round areas of 
species where the latter is applicable.

RESULTS

PhyLogenetic anaLyses

The models selected for North and South America and 
West Palearctic-Afrotropical regions are summarized 
in Table 3. The importance of significant variables 
amounted to 0.99 (clutch size, P-value < 0.001), 0.83 
(hunting strategy, P-value < 0.01) for the former, and 
1.00 (clutch size, P-value < 0.001), and 0.94 (hunt-
ing strategy, P-value < 0.001) for the latter migratory 
system. Parameter estimates for clutch size (0.42 and 
0.46) were similar for both sets of data. The prefix of 
parameter estimate for hunting strategy was posi-
tive (0.42) for North and South America, whereas it 
was negative (−0.47) for West Palearctic-Afrotropic. 
Although reliance on warm-blooded prey or carcasses 
has a low importance value of 0.18 in the data set of 
North and South America, the related P-value of 0.03 
was significant.

None of the variables was significant for the 
East Palearctic-Indomalayan regions when biocli-
mate (as categorical variable) was not included in 
the model selection procedure. However, when the 
output of bioclimatic analyses (see next section and 
Appendix S1) was applied in the analyses (Table 4), 
strongly supported differences were found for this 
migratory system. Specifically, clutch size had an 
importance of 0.97 (P-value < 0.001), and a highly 
significant (P-value < 0.001) difference was shown 
among bioclimatic variables associated with 1.00 
importance.

Table 2. Variables in the first five models of model selection for the whole data set

No. Variables Degree of freedom (d.f.) AIC Delta Weight

4 Distribution, continent* 20 −67.6 0.00 0.912
8 Distribution, continent, dimorphism 21 −60.7 6.90 0.029
12 Distribution, continent, habitat 21 −60.6 7.01 0.027
2 Continent 18 −59.4 8.16 0.015
36 Distribution, continent, diet breadth without breeding season 21 −57.4 10.14 0.006

Note: The highly supported model is indicated in bold.
* – Distribution equivalent to tropical/nontropical subdivision while continent reflect to geographical realms where a species breed. Importance for 
both variables was 1.00.

http://www.worldclim.org/
http://www.worldclim.org/


LIFE HISTORY, BIOCLIMATE, MIGRATION 67

© 2017 The Linnean Society of London, Biological Journal of the Linnean Society, 2017, 121, 63–71

BiocLimatic variaBLes and migration

We analysed bioclimatic data of 110 accipitrid birds of 
prey. Calculations from maximum entropy modelling 
based on the breeding distribution of migratory spe-
cies allowed the prediction of the wintering ranges of 
species (see Figures in Appendix S1), where the cur-
rent occurrence of these species is confirmed or highly 
probable. Regions where migratory species regu-
larly winters are at least suitable for them as their 
breeding ranges (darker colours indicate increasing 
suitability).

Our results indicate that environmental variables 
of distribution areas related to temperature are the 
most important limiting factors for 12 of the 17 long-
distance migratory accipitrid raptors (Table 5). The 
proportion of limiting variables related to tempera-
ture, on the one hand, and precipitation, on the other 
hand, is 70/40 among all of the species (see Table S1 in 
Appendix S1 for more details).

DISCUSSION

Although differences among migratory routes in dis-
tinct geographical regions have been detected previ-
ously (e.g. Newton, 2008), our study is the first to find 

substantial dissimilarities in migratory behaviour in 
relation to life history traits and climatic conditions. 
We found that clutch sizes are larger in migratory spe-
cies than in residents (Martin, 1995; Jahn & Cueto, 
2012; Barve & Mason, 2015) in each of the three migra-
tory routes, which may be related to the increase of 
clutch size as a compensation of higher mortality dur-
ing migration (see the relationship between migration 
and mortality; e.g. Ketterson & Nolan, 1982; Rappole, 
Ramos & Winker, 1989; Bell, 1996; Alerstam et al., 
2003; Newton, 2008). For instance, Schmutz and Fyfe 
(1987) found that the majority of migratory ferrugi-
nous hawks (Buteo regalis) did not survive their first 
year, and the hazards of migration were emphasized 
in Klaassen et al. (2014) when they demonstrated that 
mortality during migration is six times higher than 
in other times of the year. Furthermore, Oppel et al. 
(2015) demonstrated convincing evidence for mortal-
ity during migration of Egyptian vultures (Neophron 
percnopterus), which implies actual conservation 
significance.

Furthermore, the success of raising young depends 
on hunting and feeding strategies as more successful 
hunters are expected to provide increased quantities 
of prey to feed the young. For example, McDonald et al. 
(2004) found that larger female brown falcons (Falco 

Table 3. List of supported models (delta AICc < 4) as a result of model selection for the species of North and South 
America (A) and West Palearctic-Afrotropical (B) 

A

No. Variables Degree of freedom (d.f.) AIC Delta Weight

6 Clutch size, hunting strategy 4 63.6 0.00 0.582
8 Clutch size, dimorphism, hunting strategy 5 66.0 2.39 0.176
12 Dimorphism, hunting strategy 5 66.7 3.18 0.119

B

No. Variables Degree of freedom (d.f.) AIC Delta Weight

6 Clutch size, hunting strategy 5 61.1 0.00 0.793
8 Clutch size, dimorphism, hunting strategy 6 65.0 3.92 0.112

Note: The highly supported model is indicated in bold.

Table 4. List of supported models (delta AICc < 4) as a result of model selection for the species of East 
Palearctic-Indomalayan

No. Variables Degree of freedom (d.f.) AIC Delta Weight

4 Bioclimate, clutch size 6 69.3 0.00 0.455
8 Bioclimate, clutch size, dimorphism 7 70.1 0.84 0.300
20 Bioclimate, clutch size, reliance on warm-blooded 

prey or carcass without breeding season
7 72.8 3.49 0.080

Note: The highly supported model is indicated in bold.
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berigora), as characterized by them having higher 
scores of wing–tail ratios, exhibited higher reproduc-
tive success. Thus, increased breeding performance 
may induce enhanced preference for migratory behav-
iours. Additionally, they are likely to be able to hunt 
more effectively during migration and on the wintering 
grounds under different climatic conditions to those 
experienced on their breeding grounds. Nevertheless, 
our findings support the idea that the uncertainty of 
seasonal climatic conditions during breeding may be 
related to the increased cost of raising young under 
unpredictable environmental conditions (Jetz & 
Rubenstein, 2011; Rice et al., 2013; Thomson et al., 
2014; Rubenstein, 2015).

Our study highlighted the importance of the pro-
portion of prey classes in predicting different hunting 
strategies for different distribution areas. Indeed, a 
number of previous studies have detected morphologi-
cal adaptations to a wide variety of prey types (e.g. 
Rutz, Whittingham & Newton, 2006; Hertel et al., 
2014) among different groups of raptors (Fowler et al., 
2009; Sustaita & Hertel, 2010). For instance, the 
results of Otterbeck, Lindén & Roualet (2015) imply 
beneficial effects of prey specialization, as pairs of 
Eurasian Sparrowhawks (Accipiter nisus) were able to 
raise more young related to higher constancy in prey 
size, which indirectly indicates higher success in hunt-
ing behaviour [see also Pérez-Camacho et al. (2015) 
for a similar study on northern goshawks (Accipiter 
gentilis)].

Meanwhile, the shape of wings and tails of raptors 
differed among the three migratory routes, which 
highlight that hunting strategies are substantially 

different for birds of prey in the New World than in 
West Palearctic and Africa (Ferguson-Lees & Christie, 
2001). Indeed, hunting strategies have been linked to 
resource partitioning and to niche segregation among 
raptors with overlapping ranges (Brown, 1976; Gamauf 
et al., 1998; Piana, 2013). Specifically, most wintering 
areas in Africa include mainly open lands such as 
savannahs, whereas the majority of South America is 
mostly forested landscapes. Therefore, a higher propor-
tion of West Palearctic-African raptors are connected 
to open/semi-open landscape, whereas a larger propor-
tion of the Nearctic-Neotropic migrants are confined to 
woody landscapes (e.g. Buteo, Circus spp.; see Figures 
in Appendix S1, BirdLife International, 2015). Such 
variation in vegetative structure may lead to differ-
ences in hunting strategies. Terraube, Guixé & Arroyo 
(2014) found that dietary specialization was related to 
higher hunting success in migratory Montagu’s harri-
ers (C. pygargus).

The results of maximum entropy modelling suggest 
high differences among migratory species (Figures in 
Appendix S1) and predictions of our models fit well to 
the breeding and wintering distributions of raptors. 
Specifically, conditions experienced on the wintering 
grounds are equally as suitable for migratory species 
to those conditions found on their breeding ranges. 
This partly explains why species overwinter in Africa, 
while others regularly migrate to South-East Asia.

This has a number of implications for raptor con-
servation with respect to climate change and to their 
breeding biology. However, climate change does not 
only emerge as monotonous warming or cooling, but 
also as the growing frequency of extreme weather 

Table 5. The most important variables of maximum entropy modelling for long-distant and semi-long-distant migratory 
species based on averaged values of maximum entropy modelling (importance (%) of variable in parentheses)

Species Breeding distribution Variable

Accipiter gularis East Palearctic Mean temperature of driest quarter (33.7)
Accipiter soloensis East Palearctic Mean temperature of driest quarter (25.4)
Aquila clanga Trans-Palearctic Precipitation seasonality (37.9)
Aquila nipalensis Trans-Palearctic Temperature seasonality (29.6)
Aquila pomarina West Palearctic Temperature seasonality (60.4)
Butastur indicus East Palearctic Mean temperature of driest quarter (36.7)
Buteo lagopus Holarctic Mean temperature of driest quarter (35.0)
Buteo platypterus Nearctic Mean temperature of warmest quarter (35.7)
Buteo swainsoni Nearctic, Mexico Precipitation seasonality (45.0)
Circaetus gallicus Trans-Palearctic Precipitation of driest quarter (32.9)
Circus macrourus Palearctic (Steppic) Precipitation of driest quarter (33.5)
Circus pygargus Trans-Palearctic Mean temperature of driest quarter (38.0)
Elanoides forficatus Nearctic Mean temperature of warmest quarter (30.4)
Hieraaetus pennatus Trans-Palearctic Mean temperature of driest quarter (44.2)
Ictinia mississippiensis Nearctic Precipitation seasonality (29.2)
Pandion haliaetus Holarctic Mean temperature of driest quarter (41.8)
Pernis apivorus West Palearctic Temperature seasonality (38.3)
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events, which is increasingly important for migra-
tory species, especially in the timing of arrival to the 
breeding grounds or finding appropriate number and 
quality of prey (Fairhurst & Bechard, 2005). Therefore, 
we suggest the use of maximum entropy modelling to 
predict future environmental conditions on the breed-
ing ranges of raptors to be able to provide improved 
species-specific conservation plans.

Significant results obtained for the data set of East 
Palearctic-Indomalayan species are highly supported 
by biogeographical considerations as breeding and 
wintering areas of East Palearctic-Indomalayan spe-
cies are not separated by geographical and, hence, 
ecological barriers (Greenberg et al., 2008; Germi 
et al., 2009; but see also Polakowski et al., 2014). The 
apparent continuity of habitats equally allows the 
development of short- and long-distance migratory 
strategies, as predicted by the maximum entropy mod-
elling. Conversely, breeding and wintering areas are 
geographically separated both in North and South-
America and in West Palearctic and Africa. On the one 
hand, the Mexican Plateau, the Gulf of Mexico, and 
the Caribbean Sea form major barriers for migratory 
systems of the New World, whereas on the other hand, 
similar barriers constituted by the Mediterranean Sea 
and the Sahara emerge for Western Palearctic birds 
migrating to Africa. In a study of satellite-tracked rap-
tors, Strandberg et al. (2009) summarized the difficul-
ties of birds crossing the Sahara and showed a 50–60% 
mortality rate for first year birds that is largely simi-
lar to the findings of Schmutz & Fyfe (1987).

Furthermore, the only significant variable related to 
diet was reliance on warm-blooded prey or carcasses, 
which does not support our prediction on differences 
among consumed prey types between migratory and 
nonmigratory species because its importance was rela-
tively low. Nevertheless, our findings are applicable on 
wider taxonomical scales, as the importance of hunt-
ing and reproductive strategies in modulating distri-
bution ranges is predictable for migratory raptors. For 
example, similar distribution patterns and migratory 
behaviour emerge in insectivorous owls. European 
populations of common scops owls (Otus scops) migrate 
to Africa across the Sahara. In contrast, its related 
species, the oriental scops owl (Otus sunia) has con-
tinuous breeding and wintering areas in South-East 
Asia and adjacent archipelagos (König & Weick, 2008; 
BirdLife International, 2015).

In Falconiformes, the other diurnal group of raptors, 
vicariant and migratory species show remarkable geo-
graphical segregations. Although this order is phyloge-
netically not closely related to the species in our study 
(e.g. Ericson et al., 2006; Jetz et al., 2012; Burleigh, 
Kimball & Braun, 2015; Jarvis et al., 2014; Prum et al., 
2015), it shows a high degree of ecological and mor-
phological similarities. For instance, red-footed falcons 

(Falco vespertinus) breed in the West Palearctic and 
winters in Africa, whereas amur falcons (Falco amu-
rensis), their sister and vicariant species (Fuchs et al., 
2015), inhabits the East Palearctic and also winters 
in Africa (Ferguson-Lees & Christie, 2001; BirdLife 
International, 2015). This might be a result of parallel 
evolutionary histories of the two species because both 
are insectivorous and inhabit relatively open habitats. 
Besides, relationship among habitat, migration, and 
diversification rate of falcons is high, and further, it 
is remarkable that splits among falconid taxa are fre-
quently younger than the estimated ancestral migra-
tory behaviour (Fuchs et al., 2015).

In summary, we conclude that (1) the dominant 
differences between the three migratory systems of 
diurnal birds of prey are related to the connectivity of 
breeding and wintering ranges, (2) bioclimatic condi-
tions can emerge as limiting factors on varying lev-
els in biogeographic regions that are considered to be 
homogenous, and finally (3) the importance of life his-
tory attributes in predicting distribution is enhanced 
by distances and discontinuities between breeding and 
wintering grounds.
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