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Populations of long-distance migratory birds are of particular conserva-
tion concern, and knowledge on migration routes and migratory connec-
tivity is necessary for effective conservation measures. In this study,
migration routes of a threatened long-distance migrant, Montagu’s
harrier Circus pygargus, are investigated by satellite telemetry. For the
first time, migratory connectivity is quantified in a Palaearctic-African
migratory raptor species. Montagu’s harriers from different breeding
areas use population-specific migration routes: Northwest-European
harriers migrate south via either Spain or Italy to the sub-Saharan
wintering grounds, and travel on the same route in reversed direction
during spring migration. A potentially crucial staging area for Northwest-
European harriers in East-Morocco / West-Algeria is identified. North-
east-European harriers reach Africa via Greece, a previously little known
pathway for this species, and return via Italy in spring. The largest
proportions of western and eastern European harriers remain geographi-
cally segregated during the non-breeding season, indicating migratory
connectivity between breeding and wintering grounds. Harriers tracked
during several years show fidelity to their migration routes, wintering
and mostly also breeding areas. Individual- and population-specific
migration routes of Montagu’s harriers revealed by satellite telemetry
indicate a significant degree of migratory connectivity between specific
breeding and wintering populations. These findings show the importance
of protection of specific wintering regions and stopover areas when
aiming at the conservation of a specific breeding population. 

Abstract



Introduction

Populations of long-distance migratory birds have declined during the last decades,
whereas populations of short-distance migrants or residents generally did not show
such a decline (Sanderson et al. 2006). Hence, long-distance migratory populations
are of particular conservation concern and factors during the non-breeding season
and outside the breeding range affecting survival and subsequent reproduction need
special consideration (Webster et al. 2002, Bairlein 2003, Newton 2008). Conse-
quently, identification of migration routes, of en-route stopover sites and of popula-
tion specific wintering sites is of prime importance for effective conservation
measures (Moore et al. 1995, Newton 2006, Norris & Marra 2007). 

A species of concern is Montagu’s harrier Circus pygargus (Linnaeus), a long-
distance Palaearctic-African migratory raptor species wintering in sub-Saharan
Africa. It is red-listed in many European countries and listed as vulnerable in Annex
I of the European Birds Directive (79/409/EEC). Although Montagu’s harriers spend
ca. eight months per year outside their breeding areas, migration routes and
wintering sites are poorly known (Moreau 1972, Clarke 1996a). To investigate their
migration routes, we deployed satellite transmitters on harriers of northwestern
(NW) and northeastern (NE) European breeding populations (located in The Nether-
lands, Germany and Denmark, respectively in Poland and Belarus). 

The present study has three specific aims: (1) to analyse migration routes and
daily travel distances of 30 satellite-tagged Montagu’s harriers from NW- and NE-
Europe; (2) to identify potentially important staging sites during migration and
wintering; and (3), to investigate migratory connectivity, i.e. whether breeding and
wintering populations are geographically linked via specific migration routes.

Methods

Satellite tracking
We fitted 30 Montagu’s harriers with satellite transmitters during 2005-2008 (23
adults, 7 juveniles; Netherlands: n = 11, Germany: n = 7, Denmark: n = 2, Poland:
n = 4, Belarus: n = 6; indicated in fig. 6.1a, appendix 6.1). Colour-marks have
shown exchange of individuals between the Dutch, German and Danish breeding
areas (unpublished data), indicating that these areas belong to the same, NW-Euro-
pean breeding population. As the Polish and Belarusian breeding areas are not
widely geographically separated, we treat these areas as belonging to the same, NE-
European breeding population. We used solar satellite transmitters, six of 9.5 g and
24 of 12 g (PTT-100 series, Microwave Telemetry Inc., Columbia, MD, USA). The
9.5 g-transmitters were not available prior to 2006, and only allow long duty cycles
(10:48 h on:off) to recharge their battery. Of the 12 g transmitters, six were
programmed on a 10:48 h cycle and 18 on a 6:16 h cycle.

Adult breeding Montagu’s harriers were captured near their nest, shortly prior to
fledging of their offspring. Transmitters were attached using a Teflon ribbon harness
(Trierweiler et al. 2007a, chapter 5) and the birds were released within ca. 20 min of
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catching. Subsequent monitoring revealed no exceptional behaviour or nest deser-
tion. All tagged breeding birds reproduced successfully, except one female (F13) that
lost her mate.

Data were received via the ARGOS system (CLS, Toulouse, France). For this study,
the highest quality localisation was selected for every transmission period of either
six or 10 hours (Fuller, Seegar & Schueck 1998, box B). Localisation quality and
precision was indicated by the ARGOS Location Class (LC) with high precision
(hundreds of m until several km) for classes 3, 2 and 1 and unspecified lower preci-
sion for 0, A, B and Z (CLS 2008). When there were several localisations of the same
LC within one transmission period, the one with the highest ARGOS IQ-value (CLS
2008) was selected. The IQ-value is a measure of consistency of the radio signals
from which the localisation was calculated. When there were several localisations
with same LC and IQ values within one transmission period, the first one in time
was selected. The selected localisations were checked graphically for outliers, by
plotting date vs. latitude and date vs. longitude. Outliers were swapped to their
mirror location (CLS 2008). In case the mirror location was an outlier as well and LC
was 0, A, B or Z, the localisation was discarded. Localisations of LC 3, 2 and 1 were
always regarded as being accurate. Using this procedure, we reduced the complete
dataset of 14,239 localisations (2005-2008) to 3,324 best of duty cycle localisations
for the whole annual cycle, of which 644 represented autumn migratory movements
and 245 represented spring migratory movements.

Migration routes
In total, 36 autumn tracks of 26 individuals and 16 spring tracks of 13 individuals
were used (appendix 6.1). 30 autumn tracks of 22 individuals and 10 spring tracks
from seven individuals were complete between the breeding and wintering area
(appendix 6.2). Incomplete tracks were collected when birds died or transmitters
failed en route. 24 autumn and five spring tracks showed prolonged periods without
localisations (referred to as gaps, when period was eight days or longer). Of the 31
autumn tracks, 10 were repeated journeys of seven individuals tracked during two
(n = 4) or three (n = 3) consecutive autumn migrations. Two of these repeated tracks
were incomplete. Of the 16 spring tracks, three were repeated journeys of three indi-
viduals. When calculating travel statistics, parameters from repeated journeys of the
same individual were averaged to avoid pseudo-replication. The small sample of
juveniles’ tracks (5 autumn tracks, 1 spring track) was mapped and included in
connectivity analyses, but not in the analyses of daily distances.

An autumn track consisted of the best-of-duty-cycle localisations with the last
recorded localisation from the breeding area as starting point (including potential
pre-migratory behaviour) and the first recorded localisation in the first wintering
area as end point. A spring track consisted of the last localisation recorded in the last
wintering area as starting point and the first localisation recorded in the breeding
area as end point. Start of the autumn migration period was defined as a movement
of more than 40 km away from the nest site, regardless of daily distance and direc-
tion. The threshold of 40 km was chosen because radio-tracked males and females
never ventured further than 18 km from the nest during the breeding season
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(chapter 3, B. Grajetzky pers. comm.). Roughly doubling the breeding home range
radius is therefore taken as a conservative threshold estimate.

Arrival in the first wintering area was defined as the beginning of the first stay
of longer than one day in the same area south of the Sahara (approximately 16°N). To
determine the location of the first visited wintering area, average latitudes and
longitudes were calculated over at least two consecutive positions south of the
Sahara that did not deviate by more than 0.1 decimal degrees (appendix 6.3). The
resulting average position was the reference point for arrival. When the bird was
within 40 km distance of this point, we assumed that it arrived at its first visited
wintering area.

The start of spring migration was defined as the end of the last stay of >1 day in
the last visited area in the wintering range. The end of a spring track was defined
similar to the end of an autumn track, but then for the breeding area. Maps of
migration routes are displayed in Africa Lambert Conformal Conic Projection (ESRI
ArcMap 9.2).

Daily distances covered during migrations were calculated as loxodrome (rhumb
line) distances between consecutive localisations using the best of duty cycle-
dataset, divided by the number of days between localisations. Total migration
distances (track length) were calculated as the sum of loxodrome distances between
consecutive best-of-duty-cycle localisations of tracks. The overall daily distance was
calculated as track length (km) divided by migration duration (days). To analyse
daily distances vs. latitude and compare between autumn and spring, we assigned
all values of each individual to five degree latitudinal bins. For autumn migrations,
only complete tracks with no more than one gap of eight days were selected for
analyses (appendix 6.2). Due to the low sample size, spring tracks that were incom-
plete or contained gaps were included, but segments of longer than eight days were
excluded from analyses. 

Migratory connectivity
The last localisation of each individual recorded in the breeding area and the first
localisation recorded in the wintering area were averaged for each main migration
route, resulting in three geographical centres of breeding and three geographical
centres of wintering areas, respectively. Loxodrome distances between the breeding-
and wintering area centres were calculated. To test the existence of migratory
connectivity, Chi-squared tests were conducted on the longitudinal distribution of
first wintering areas (Jones et al. 2008). The first wintering area visited by each
individual was assigned to one of four 8 ° longitude categories (16 - 8°W, 7.9 - 0°W,
0.1 - 8°E, 8.1 - 16°E) and distributions of first wintering areas for the NW-European
respectively NE-European population were tested against a uniform distribution.
Statistical tests were calculated using SPSS 16 (SPSS Inc.). Additionally, migratory
connectivity was quantified using a Mantel test on the loxodrome distance matrices
of breeding and first wintering areas. The test included a randomization procedure
(executed in Microsoft Office Excel 2003) during which the position of all individuals
in the breeding areas was permutated 4999 times to calculate the significance of the
observed Mantel correlation coefficient (Ambrosini, Møller & Saino 2009). This test
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has the advantage that no arbitrary division of the breeding and wintering ranges
has to be defined a priori. Averages are given ±1 s.e. In statistical tests, α (two-
tailed) was set at 0.05. Bird IDs indicate age and sex (F = adult female, M = adult
male, JF = juvenile female, JM = juvenile male).

Results

Migration routes
Montagu’s harriers from northern Europe used three main migration routes during
autumn migration (fig. 6.1A-E): NW-European harriers migrated either via Spain (9
individuals, 69 %) or Italy (4 individuals, 31 %), whereas all NE-European harriers (8
individuals, 100 %) migrated via Greece. No systematic differences in route choice
between adult females and males could be detected within the NW-European popu-
lation (migrating via Spain or Italy; Mann-Whitney test, Z = –1.403, n = 14, p =
0.160). In spring, NW-European harriers travelled in the reversed direction using
routes similar to their autumn migration routes (fig. 6.1D). Spring tracks of NE-
European harriers (all from 2008) showed spring routes situated more to the West
(via Italy, i.e., Sardinia or Sicily) than autumn routes (via Greece), suggesting a loop
migration. Tracks over the western pathway (via Spain) appeared to be most concen-
trated in Morocco as well as the border region of Morocco and Algeria (fig. 6.1A,B,D),
both in autumn and spring, indicating the presence of an important stopover site.

Both autumn and spring migrations took on average 5–6 weeks over a distance of
ca. 5000 km, with daily travel distances of on average 131 km for adults (tab. 6.1).
Adult harriers travelled on average faster during spring than during autumn migra-
tion (tab. 6.1). Adult males left the breeding areas significantly later than adult
females (tab. 6.1). As they travelled significantly faster, arrival dates in the
wintering areas were not significantly different (tab. 6.1). During spring migration,
no significant differences in timing and speed of migrations between females and
males were found (tab. 6.1). The maximum distance achieved within 24 hours was
1,196 km (adult male M1 in autumn 2006, travelling from the Netherlands to Spain).
Daily travel distances during autumn and spring migrations were significantly
related to latitude (fig. 2A, Kruskal-Wallis test, autumn: χ2 = 110.939, df = 10,
p <0.0001; spring: χ2 = 19.098, df = 7, p = 0.008). Highest daily distances were
attained in Europe and the Mediterranean region (35 – 50 ° N; autumn: 284 ±32 km,
spring: 281 ±52 km) and the Sahara desert (20 – 30°N; autumn: 355 ±27 km, spring:
353 ±42 km), whereas daily distances near the breeding areas (50 - 55°N; autumn:
45 ±7 km, spring: 94 ±22 km) and wintering areas (10 – 20°N; autumn: 107 ±32 km,
spring: 215 ±22 km) were smaller. Migrants via Spain travelled relatively slowly in
the concentration area in Morocco / Algeria (fig. 6.2). Daily distances preceding and
following the passage of this area were higher. The difference was more pronounced
in spring than in autumn (fig. 6.2).
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Migratory connectivity 
Areas that Montagu’s harriers visited first during the wintering season were located
in sub-Saharan Africa between 10 – 17°N. The wintering range extended from 16°W
– 16°E (migrants from NW-Europe: 16°W – 8°E; migrants from NE-Europe: 0°E –
16°E). In general, NW-European harriers wintered west of NE-European harriers,
indicating population specific wintering grounds (fig. 6.1A-C). This pattern was
especially clear when comparing western breeding birds migrating via Spain and
eastern breeding birds (all migrating via Greece): the distance between the two
geographical centres of all breeding locations in the western and eastern populations

102 Chapter 6

Table 6.1 Travel statistics and statistical tests of autumn and spring migrations of satellite-
tracked adult Montagu’s harriers. Autumn tracks include possible pre-migratory movements. 
P-values <0.05 are indicated in bold.

autumn females males females vs. males

variable (average) value (s.e.) n value (s.e.) n test statistic df P

departure date* 02-aug (6) 12 4-sep (2) 4 t-test t = 3.184 14 0.007
arrival date * 23-sep (3) 11 02-okt (7) 5 t-test t = 1.436 10 0.182
duration of migratory 44 (6) 9 38 (8) 3 t-test t = –0.685 13 0.505
period (days)*
track length (km)* 4828 (133) 8 5137 (398) 3 t-test t = 0.983 9 0.351
daily distance (km)** 118 (11) 180 144 (14) 84 Mann- Z = –2.523 264 0.012

Whitney

spring females males females vs. males

variable (average) value (s.e.) n value (s.e.) n test statistic df P

departure date* 29-mrt (3) 9 28-mrt (1) 3 t-test t = –0.344 8.9 0.739
arrival date * 05-mei (4) 5 13-mei (2) 2 t-test t = 1.276 5 0.258
duration of migratory 32 (7) 5 42 (2) 2 t-test t = 0.867 5 0.426
period (days)*
track length (km)* 5194 (242) 5 5504 (262) 2 t-test t = 0.725 5 0.501
daily distance (km)** 168 (17) 87 210 (24) 66 Mann- Z = –1.278 153 0.201

Whitney

autumn vs. spring

variable (average) test statistic df P

duration of migratory t-test t = 1.058 17 0.305 
period (days)*
track length (km)* t -test t = -1.615 16 0.126
daily distance (km)** Mann-Whitney Z = –5.356 310 <0.0001

* n expressed as number of individuals
** n expressed as number of segments between consecutive localisations



was 1,093 km, whereas the distance between the centres of their first wintering
areas was more than twice as large (2,232 km, fig. 6.1E). There was no evidence for
overlap between breeding or between wintering areas of these populations. The
most eastern migrant via Spain (JF2) wintered 899 km to the west of the most
western migrant via Greece (F9). The centre of the wintering areas visited by
western breeding birds migrating via Italy, on the other hand, was 1,696 km east of
that of migrants via Spain. The most eastern migrant via Spain (JF2) wintered 436
km west of the most western migrant via Italy (F12). Migrants via Italy wintered on
average only 547 km west of migrants via Greece, including an overlap of 1022 km
between individuals’ first visited wintering areas. The three wintering areas that
were reached via the three documented pathways can better be described as geo-
graphical regions: Individuals’ first visited wintering areas were spread out over
hundreds of km mainly in west-east direction (largest distance of first visited winter-
ing areas of migrants via Spain: 1,420 km, via Italy: 740 km, via Greece: 1,860 km).

First visited wintering areas of birds originating from NW-Europe deviated
significantly from a uniform longitudinal distribution (χ2 = 11.9, df = 3, p = 0.008).
For birds from NE-European populations, there was a trend of non-uniformity (χ2 =
7.0, df = 3, p = 0.072). The non-randomness indicates the existence of specific
wintering regions connected to specific breeding areas and hence a relatively high
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degree of migratory connectivity. The Mantel test indicated that small distances
between wintering areas were generally seen among pairs of birds whose breeding
areas were close to each other (r = 0.5, n = 21, p = 0.0006, fig. 6.3).

Of adult birds tracked during two (n = 4) and three (n = 3) consecutive autumn
migrations, all used similar routes during their consecutive autumn journeys (F4, F5
and M2 always migrated via Spain, F12 via Italy, F8 and F9 via Greece; the second
track of F11 ended in the breeding areas). Birds tracked during two consecutive
spring migrations (F4, F5, M2) used similar routes during consecutive spring jour-
neys (all via Spain). It could be determined that during a second (F4, F5, F8, F9, M2)
and third (F4, F5, M2) consecutive wintering season, in all cases, at least one of the
visited wintering areas was the same (<40 km distance) as in a previous year,
although the order of visits was not necessarily the same. Other visited wintering
areas were located at tens or hundreds of km distance, but in the same geographical
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region. Most individuals returned to the same breeding site (<10 km distance)
during the second (F4, F9, F11, M2) and also the third (F4, M2) consecutive breeding
season. A non-breeding female visited her former breeding area during the summer
(F12). Two females did not show site fidelity during the breeding season (F5, F8). F5
was breeding in The Netherlands in 2006, at 183 km distance in Germany in 2007,
and at 43 km distance in Germany in 2008 (144 km from the Dutch site). All
breeding sites were located in arable land; the first two breeding attempts were
successful. F8 was breeding in Belarusian arable land in 2007 and in a Belarusian
sedge mire at 88 km distance in 2008 (breeding success unknown). Seven out of 10
times (70%, n = 7 birds) that a bird returned to the breeding areas, it was site
faithful. Seven out of seven times (100%, n = 5 birds) that a bird returned to the
wintering grounds, it visited at least one area it had been located before.

Discussion

Migration routes
This study shows by satellite telemetry that northern European Montagu’s harriers
use three broad, population specific pathways to the African wintering areas: via
Spain, Italy or Greece. Although harriers appear to be capable of sea crossings of
several hundred km (east of Gibraltar: 140 km, Crete to Libya: 300 km), they seem to
avoid the longest sea crossings (from France to Algeria and from western Greece
over the Ionian Sea to NW-Libya), which shapes separated migration pathways. A
similar pattern has been observed for ospreys Pandion haliaetus (Hake, Kjellén &
Alerstam 2001). Our findings are in line with the supposition that harriers may not
be as land-bound as other, soaring raptor species, e.g. honey buzzards Pernis
apivorus (Moreau 1953).

The present study supports the idea of García & Arroyo (1998) that during
autumn migration, more harriers migrate via Spain than via Italy (two thirds vs. one
third of tracked NW-European birds). Birds from eastern Germany and western
Poland, however, may migrate via Italy into Africa. Overall, breeding birds of
western Europe migrating via Spain may still outnumber birds migrating via Italy,
considering the large volume of breeding populations in Iberia and France compared
to other western and central European countries (Mebs & Schmidt 2006, box C).
Future work should aim at determining factors that influence initial route choice of
NW-European harriers via Spain or Italy. Possible factors involved may be wind and
weather effects, an endogenous migration programme and food availability en route. 
We could not confirm the supposed loop migration of western European harrier
populations (García & Arroyo 1998). NW-European harriers generally back-tracked
their autumn migration routes in spring. We did, however, detect a circular migra-
tion pathway in the NE-European birds. All data currently available showed that
birds that reached Africa via Greece did not back-track their autumn route in spring,
but chose a more western route via Sardinia or Sicily into Europe. This is in line
with Montagu’s harriers ringed at Cap Bon (Tunisia) in spring being recovered in
eastern Europe, NNE or ENE from Cap Bon (Mihelsons & Haraszthy 1985). 
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A potentially fast traveller
The average daily distance we report (131 km for adults) is in the lower range of
those reported for other satellite-tracked raptors on autumn migration (appendix
6.4). On the other hand, Montagu’s harriers can achieve very large daily distances on
the short term. A daily distance of 1,196 km has, to our knowledge, never been
reported for a migrating raptor before, and exceeds the highest reported daily
distances of ospreys (746 km, Kjellén, Hake & Alerstam 2001) and marsh harriers
Circus aeruginosus (809 km, Strandberg et al. 2008). The high speeds are probably
achieved by making more flight hours per day rather than increasing instantaneous
speed, except when birds profit from exceptional tail winds.

Relatively slow travel speeds of NW-European birds in N-Africa (Morocco,
Algeria) and the convergence of routes in that area indicate the presence of an
important concentration of harriers in both migration seasons. This N-African area
may represent a crucial staging site, and as such would be worth receiving high
priority when contemplating conservation strategies.

Migratory connectivity
Satellite tracking data clearly reveal that northern European Montagu’s harriers do
not spread over the entire potential wintering range in sub-Saharan Africa, but
winter in rather well separated population-specific regions. The western and
eastern wintering regions (of migrants via Spain and Greece, respectively) show no
or minor overlap. The relatively small proportion of NW-European birds that
migrates via Italy, however, is wintering in the eastern instead of the western range.
Individuals tracked during several years show fidelity to their migration routes and
all revisit wintering areas visited in an earlier winter. Breeding site fidelity appears
to be significant, but lower than winter site fidelity, as found in marsh harriers
(Strandberg et al. 2008). Montagu’s harriers that changed to a different breeding
area stayed within the same geographical region and the same breeding population
(NW- respectively NE-Europe). These findings indicate a relatively high migratory
connectivity; i.e. in general, western breeding areas are linked to western wintering
areas and eastern to eastern, via population specific migration routes.

To clarify the underlying causes of the precarious state of Montagu’s harrier
breeding populations in Europe, the relative importance of mortality occurring in
the breeding and non-breeding season and reproductive output remains to be inves-
tigated (box E). When aiming at the conservation of specific breeding populations, it
may be most valuable - additional to protection on the breeding grounds -, to priori-
tize the protection of specific wintering regions. Using satellite telemetry, we have
been able to geographically pinpoint areas of highest priority outside the breeding
range in this long-distance migratory raptor species: western European breeding
populations use wintering areas in mainly Senegal, South Mauritania and West Mali
(to a lesser degree Southwest Niger), whereas eastern European populations visit
areas in South Niger, North Nigeria and West Chad.

Migratory connectivity, however, is not restricted to wintering area fidelity and
connectivity. For NW-European Montagu’s harriers migrating via Spain, there is
even strong evidence for considerable stopover area connectivity with a site in
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Morocco / Algeria, stressing the general importance of evaluating population-specific
stopover areas and considering them in conservation strategies (chapter 9).
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Appendix 6.1 Origin and catching date of satellite-tracked Montagu’s harriers (2005-2008), sorted
on catching time. Catching location is given in decimal degrees. Age is at catching time. Exact age
was known for nestlings and birds ringed as nestlings. Females with brown iris colouration were
aged as being approximately 3-4 K (calendar year).  Sex “f” = female, “m” = male.

Catching autumn spring 
Bird location Catching tracks  tracks
ID Name Place                Country N E date Age Sex (n) (n)

F1 Beatriz E-Groningen NL 53.09 7.11 16-jul-05 adult f 1 0
F2 Marion E-Groningen NL 53.13 7.07 16-jul-05 adult f 1 0
F3 Paula E-Groningen NL 53.13 7.07 10-jul-06 adult f 0 0
M1 Rudi E-Groningen NL 53.21 7.10 15-jul-06 adult m 1 1
F4 Cathryn E-Groningen NL 53.15 6.95 15-jul-06 adult f 3 2
M2 Franz E-Groningen NL 53.11 7.13 20-jul-06 6K m 3 2
F5 Merel N-Groningen NL 53.41 6.45 24-jul-06 adult f 3 2
M3 Freyr Leer D 53.17 7.21 28-jul-06 adult m 1 0
F6 Jinthe Flevoland NL 52.38 5.33 3-jul-07 7K f 1 1
F7 Halina Siedlce PL 52.15 22.76 8-jul-07 adult f 1 1
F8 Volia Hrodna BY 53.55 23.97 12-jul-07 adult f 2 1
JM1 Dzima Hrodna BY 53.55 23.98 12-jul-07 1K m 1 1
JF1 Sigrid Flevoland NL 52.38 5.33 14-jul-07 1K f 1 0
F9 Grazyna Siedlce PL 52.23 22.53 14-jul-07 adult f 2 1
F10 Doris Soest D 51.62 8.44 17-jul-07 adult f 1 1
JF2 Theodora Soest D 51.66 8.46 19-jul-07 1K f 1 0
F11 Margret Soest D 51.63 8.44 21-jul-07 14K f 1 1
M4 Edzard E-Groningen NL 53.22 6.91 1-aug-07 4K m 1 1
F12 Fenna E-Groningen NL 53.22 6.91 1-aug-07 adult f 2 1

(3-4 K?)
F13 Aliona Hrodna BY 53.78 23.92 13-jul-08 adult f 1
F14 Tania Hrodna BY 53.31 23.93 13-jul-08 adult f 1

(3-4 K?)
M5 Alexandre Hrodna BY 53.31 23.93 13-jul-08 adult m 1
JF3 Barbára Hrodna BY 53.31 23.93 14-jul-08 1K f 0
M6 Dominik Siedlce PL 52.10 22.85 16-jul-08 adult m 1
JM2 Jurek Siedlce PL 52.10 22.85 16-jul-08 1K m 1
F15 Karen Ballum DK 55.10 8.68 18-jul-08 9K f 1
JM3 Asger Ballum DK 55.10 8.68 18-jul-08 1K m 1
F16 Aletta Cuxhaven D 53.79 8.56 22-jul-08 adult f 0
JM4 Flo Cuxhaven D 53.79 8.56 22-jul-08 1K m 0
M7 Jochen Cuxhaven D 53.79 8.56 26-jul-08 3K m 1

35 16
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Appendix 6.2 Selection of Montagu’s harrier satellite tracks for statistical analyses. Upper part:
autumn tracks, lower part: spring tracks. Table is sorted on year and age / sex; “n” = no, “y” =
yes; “1” = included, “0” = not included in analysis.

F1 2005 a adult female Spain 0 n n 0 0 0 0 1 0
F2 2005 a adult female Italy 1 n y n 1 1 1 1 1 1
F4 2006 a adult female Spain 0 n n n 1 1 1 1 1 1
F5 2006 a adult female Spain 0 n n n 1 1 1 1 1 1
M1 2006 a adult male Spain 2 y n n 1 0 0 0 1 0
M2 2006 a adult male Spain 2 y n y 1 0 0 0 1 0
M3 2006 a adult male Spain 0 n n n 1 1 1 1 1 1
F4 2007 a adult female Spain 2 n y y 1 0 0 0 1 0
F5 2007 a adult female Spain 1 n y n 1 1 1 1 1 1
F6 2007 a adult female Spain 3 y y n 1 0 0 0 1 0
F7 2007 a adult female Greece 0 n n n 1 1 1 1 1 1
F8 2007 a adult female Greece 2 y y n 1 0 0 0 1 0
F9 2007 a adult female Greece 3 y y n 1 0 0 0 1 0
F10 2007 a adult female Spain 1 y n n 1 0 0 0 1 0
F11 2007 a adult female Spain 4 y y y 1 0 0 0 1 0
F12 2007 a adult female Italy 1 n y n 1 1 1 1 1 1
M2 2007 a adult male Spain 3 y y n 1 0 0 0 1 0
M4 2007 a adult male Spain 0 n n n 1 1 1 1 1 1
JF1 2007 a juvenile female Italy 2 y y n 1 0 0 0 1 0
JF2 2007 a juvenile female Spain 1 y n n 1 0 0 0 1 0
JM1 2007 a juvenile male Greece 2 n y n 1 0 0 0 1 0
F4 2008 a adult female Spain 0 n n n 1 1 1 1 1 1
F5 2008 a adult female Spain 0 n n n 1 1 1 1 1 1
F8 2008 a adult female Greece 1 n y n 1 1 1 1 1 1
F9 2008 a adult female Greece 2 n y n 1 1 0 1 1 1
F11 2008 a adult female Spain 1 n y 0 0 0 0 1 0
F12 2008 a adult female Italy 1 n y 0 0 0 0 1 0
F13 2008 a adult female Greece 1 n y 0 0 0 0 1 0
F14 2008 a adult female Greece 0 n n n 1 1 1 1 1 1
F15 2008 a adult female Italy 1 n y n 1 1 1 1 1 1
M2 2008 a adult male Spain 0 n n n 1 1 1 1 1 1
M5 2008 a adult male Greece 3 y y y 1 0 0 0 1 0
M6 2008 a adult male Greece 2 y y n 1 0 0 0 1 0
M7 2008 a adult male Spain 0 n n 0 0 0 0 1 0
JM2 2008 a juvenile male Greece 1 n y n 1 0 0 0 1 0
JM3 2008 a juvenile male Spain 0 n n 0 0 0 0 1 0
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Appendix 6.2 Continued

F4 2007 s adult female Spain 2 n y n 1 1 1 1 1 1
F5 2007 s adult female Spain 0 n n n 1 1 1 1 1 1
M2 2007 s adult male Spain 1 n y n 1 1 1 1 1 1
M1 2007 s adult male Spain 2 y y n 1 1 1 1 1 1
F4 2008 s adult female Spain 2 n y n 1 1 1 1 1 1
F10 2008 s adult female Spain 0 n n n 0 0 0 0 1 0
F12 2008 s adult female Italy to NW 0 n n n 0 0 0 0 1 0
F9 2008 s adult female Italy to NE 0 n n n 1 1 1 1 1 1
F7 2008 s adult female Italy to NE 0 n n n 0 0 0 0 1 0
F6 2008 s adult female Spain 0 n n n 0 0 0 0 1 0
F11 2008 s adult female Spain 0 n n n 1 1 1 1 1 1
F5 2008 s adult female Spain 0 n n n 1 1 1 1 1 1
F8 2008 s adult female Italy to NE 0 n n n 1 1 1 1 1 1
M4 2008 s adult male Spain 0 n n n 0 0 0 0 1 0
M2 2008 s adult male Spain 0 n n n 1 1 1 1 1 1
JM1 2008 s subadult male Italy to NE 1 n n y 0 0 0 0 1 0
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Appendix 6.4 Examples of daily distances reported in other raptor satellite telemetry studies are
marsh harriers Circus aeruginosus (127 km, Strandberg et al. 2008), Eleonora’s falcons Falco
eleonorae (134 km, Gschweng et al. 2008), honey buzzards Pernis apivorus (148 km, Hake et al.
2003), hobbies Falco subbuteo (151 km, Strandberg et al. 2009b), Montagu’s harriers Circus
pygargus from Spain (163 km, Limiñana et al. 2007), lesser spotted eagles Aquila pomarina (179
km, Meyburg et al. 2004), peregrine falcons Falco peregrinus (172 km, Fuller et al. 1998), ospreys
Pandion haliaetus (174 km, Kjellén et al. 2001), Swainson’s hawks Buteo swainsoni (188 km,
Fuller et al. 1998) and short-toed eagles Circaetus gallicus (234 km, Meyburg et al. 1998). 
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Appendix 6.3 Determining arrival in a wintering area. Given are latitude and longitude (decimal
degrees) of 20 satellite localisations of adult female F2 during autumn migration in 2005. The first
reference area position is the nest site location (position number 1). Position 1 is located 750 km
(loxodrome distance, with an error estimate added according to LC) from the nest site. The thres-
hold of entering an area is set at 40 km. At position 1, F2 is outside the breeding area. The season
is autumn migration (2). No wintering area has been reached yet. Positions 7 to 11 do not deviate
more than 0.1 decimal degrees (latitude and longitude) from postion 6. Positions 6–11 were used to
calculate the new reference area (the geographical centre of the first wintering area) indicated as
14.9 degrees N and 7.6 degrees E. F2 is within the 40 km range of the centre starting at position 6,
which indicates arrival at the first wintering area (season 3, wintering; arrival at wintering area
number 1). Positions 12 and 13 were not used to calculate the centre of the first wintering area as
they deviate 0.1 degree from position 6 in the other direction than positions 7–11, however, F2 is
still within the 40 km range of the first wintering area at these positions. The new reference area
(centre of the second wintering area) is calculated over positions 14–20 and following. Wintering
area number two is reached at position 14. 

1 49.0 15.5 53.1 7.1 749.7 40 1 2
2 37.2 15.4 14.9 7.6 2608.6 40 1 2
3 23.9 11.5 14.9 7.6 1084.5 40 1 2
4 17.1 7.1 14.9 7.6 252.3 40 1 2
5 14.8 6.8 14.9 7.6 85.9 40 1 2
6 14.9 7.6 14.9 7.6 2.3 40 0 3 1
7 14.9 7.7 14.9 7.6 5.8 40 0 3 1
8 14.9 7.7 14.9 7.6 5.7 40 0 3 1
9 14.9 7.6 14.9 7.6 2.1 40 0 3 1

10 14.9 7.7 14.9 7.6 6.2 40 0 3 1
11 14.9 7.6 14.9 7.6 4.3 40 0 3 1
12 14.9 7.5 14.9 7.6 10.6 40 0 3 1
13 14.9 7.5 14.9 7.6 11.1 40 0 3 1
14 13.2 6.0 13.3 6.0 7.4 40 0 3 2
15 13.3 5.9 13.3 6.0 6.5 40 0 3 2
16 13.3 5.9 13.3 6.0 8.4 40 0 3 2
17 13.3 5.9 13.3 6.0 5.7 40 0 3 2
18 13.3 5.9 13.3 6.0 6.3 40 0 3 2
19 13.3 5.9 13.3 6.0 9.3 40 0 3 2
20 13.3 5.9 13.3 6.0 5.7 40 0 3 2
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Introduction

To study migratory pathways of birds, marking them with rings or tags and reading
or recovering these marks has for a long time been the only available technique
(Bairlein 2001). Withdrawals of these methods are that the probability of recovery is
often low. If at all, mostly not more than one data point per individual becomes
available. An even more serious withdrawal is that ring readings and recoveries
may, next to being erroneous, be skewed towards the presence of observers or
hunters, resulting in serious biases and consequently systematic errors in for
example temporal patterns of migration (Strandberg et al. 2009c and references
therein).

Satellite-based radio telemetry is a now widely used alternative method to docu-
ment migratory pathways of birds (Meyburg & Fuller 2008). Important advantages
of this technique are the large amounts of data collected per individual (up to several
location fixes per day), possibly up to several migratory journeys (Berthold et al.
2004, Alerstam et al. 2006, chapter 6). The close to real time-element of satellite
telemetry also enables researchers to follow individual birds to their wintering areas
and study their behaviour in these areas by direct observations (Kaatz 2004, Trier-
weiler & Koks 2009, chapter 6, 8). Disadvantages of the technique are that the trans-
mitters are currently relatively heavy, which excludes the tracking of the majority of
migrating birds. Furthermore, costs per bird for purchase of a transmitter and for
satellite use are high, and thus samples sizes are often small.

Satellite telemetry provides detailed information not only on the migration path-
ways, but also on travel dynamics of individuals. Travel dynamics statistics that are
often calculated for satellite tracks are the total migration distance, the duration of
the pre-migratory and migratory phase, the number of travel and stop-over days
during migration and different types of movement rates (travel and migration
speeds; see below). Unfortunately, all these parameters cannot be calculated
straightforward from conventional satellite tracks as not all location fixes are accu-
rate, and thus researchers have to decide which fixes to include. This selection
procedure potentially has an important effect on the outcome of subsequent
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Standardization of the analysis of ARGOS satellite
tracking data in order to enhance interspecific
comparisons of migrating birds

Christiane Trierweiler & Raymond H.G. Klaassen
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analyses. Furthermore, researchers have used different methods to calculate travel
dynamics, with different assumptions, introducing another source of bias between
studies. 

Meyburg and Fuller (2008) suggest that each researcher should establish criteria
for his study objectives and species and apply those criteria when selecting the posi-
tions used in their analyses. There are two problems with this approach. First,
researchers do not always state clearly in their publications what their criteria are.
When selection proceeds by hand, the method may even not be repeatable. Second,
researchers tend to compare travel statistics calculated according to their own
criteria with literature values, which are often calculated according to different
criteria. Such comparisons can be misleading, as different criteria produce different
results. In order to optimise the use of satellite tracking data, we should thus strive
to standardized data selection and analysis procedures. Important initiatives, in this
respect, are online data storage and analysis tools, such as the Satellite Tracking and
Analysis Tool (STAT, Coyne and Godley 2005) and Movebank (www.movebank.org),
which offer several automated data filtering and analysis options. Nevertheless,
there are no widely used and accepted criteria for filtering and analysing satellite
data.

Here we revisit a number of problems and pitfalls with the analyses of bird satel-
lite tracks. We describe how the system works that receives radio signals and calcu-
lates location fixes of satellite transmitters (ARGOS) and discuss the problem of
location fix selection. Subsequently we suggest a method to determine travel
dynamics (start and end of the migration period as well as total distance, rate of
travel and the number of travel and stop-over days) in a way that is objective but
treats different species differentially. This method should allow analyses of biologi-
cally relevant differences in for instance migration speed between species, such that
obtained results for different species are comparable.

113Analysis of ARGOs data

Satellite transmitters (Platform Transmitter Terminals, PTTs) transmit radio
messages (usually one every minute) at a frequency of 401.650 MHz ±30 kHz,
which are picked up by ARGOS instruments installed in several satellites in
low polar orbits. The messages, including the identification number of the
PTT and its sensor data (e.g. temperature, activity), are subsequently relayed
to ARGOS processing centres (for Europe: Collecte Localisation Satellites
[CLS], France) to compute results and make the data available to end users.
Location fixes are computed from all messages received during a satellite pass
(a pass from one horizon to the other taking ca. 10 minutes) using the Doppler

Frame B.1
How does the ARGOS system work?
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overhead:
signal frequency equal
to actual frequency leaving:

signal frequency lower
than actual frequency

approaching:
signal frequency higher
than actual frequency

satellite

satellite

satellite

Figure B.F1 The ARGOS instrument included in a satellite determines a location fix of a
bird-borne satellite transmitter using the Doppler frequency shift
(after: www.npwrc.usgs.gov/resource/birds/cranemov/location.htm; picture copyrights:
bird, Hans Hut; earth, NASA).

Tabel B.F1 Location Classes (LC) and related estimated error according to ARGOS/CLS and
errors measured by Pfeiffer & Meyburg (2009). The estimated error is assumed to be
isotropic (uniform in all directions) and hence characterized by a single number called the
radius of error. It corresponds to one standard deviation (sigma) of the estimated location
error. The location class is attributed based on the radius of error. In reality, the location
error is not strictly isotropic and hence is better approximated by an ellipse than by a
circle (longitudinal errors being often larger than latitudinal errors).

LC Estimated error (radius) # messages received Accuracy as determined 
per satellite pass by Pfeiffer & Meyburg (2009) 

Mean km, Min-Max (sample size)

3 < 250 m 4 messages or more 2.3, 0.3-6.7 (6)
2 250 – 500 m 4 messages or more 0.8, 0.1-3.3 (7)
1 500 – 1500 m 4 messages or more 3.4, 0.3-17.9 (19)
0 > 1500 m 4 messages or more 6.6, 0.6-56.0 (33)
A No accuracy estimation 3 messages 8.1, 0.3-91.9 (107)
B No accuracy estimation 2 messages 49.5, 0.33-511.9 (193)



Selection of ARGOS location fixes

A basic but important problem in handling ARGOS data is to select the location fixes
used for graphical presentations and analyses. This fundamental step is necessary
since obtained fixes differ in accuracy (frame B.1). At least, erroneous fixes should
be excluded using filters. Alternatively, the dataset is also re-sampled, extracting one
position per day or per duty cycle. Filtering and resampling is outlined below.
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shift of transmission frequency (fig. B.F1). Computations give two possible loca-
tion fixes (mirror locations), of which the most plausible one is automatically
selected (location fix with the minimal residual error). For each location fix for
which at least four messages have been received during a satellite pass, a Loca-
tion Class LC (estimation of the location fix accuracy) is calculated using the
residual error and the satellite pass characteristics (tab. B.F1). For location fixes
labelled with A or B, no estimation on location fix accuracy is available; these
fixes are normally regarded as being inaccurate (but see Hays et al. 2001,
Soutullo et al. 2007, Pfeiffer & Meyburg 2009).

Two factors deteriorate location estimation for birds. First, location calcula-
tions are extremely sensitive to altitude variations. An altitude error of 1,000 m
can significantly erode the accuracy of calculated locations, especially if a PTT
is on or near the sub-satellite ground track (CLS 2008). To enhance location fix
accuracy, CLS applies a digital elevation model (DEM) from the USGS. Devia-
tions from this model, for example because the bird is flying high above the
ground, deteriorates location fix accuracy. Second, PTT motion reduces the
accuracy of Doppler location fixes. PTT motion, seen from the processing point
of view, looks like frequency drift. The motion thus introduces an additional
Doppler shift, which is included in the frequency shift measured by the satel-
lite. As a consequence, the residual error is larger and the accuracy is lower if
the bird is moving during the radio message transmission.

Because of limited battery power and transmitter lifetime considerations,
satellite transmitters do not send messages continuously but alternate between
periods of transmission (ON) and periods without transmission (OFF). Transmit-
ters are deliberately programmed to have a duty cycle timing (ON:OFF cycle)
that is not a direct multiple of 24 hours. This prevents the ON time from
becoming locked into a time window when there may be few satellite passes,
and assures that the transmission period is shifted from day to day and thus
location fixes are obtained for both day and night. The standard duty cycle for
conventional solar powered satellite transmitters (18–50g) is 10 hours ON, 24
hours OFF. For smaller transmitters (9.5g, 12g), the standard duty cycle is often
10 hours ON 48 hours OFF.
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Figure B.1 Satellite track (July 2006 – July 2007) of Montagu’s harrier adult female “Merel” using
(a) all unfiltered satellite location fixes (n = 480 location fixes), (b) all fixes of LC 3, 2 and 1
(n = 137), (c) graphically filtered best-of-dutycycle fixes (n = 110) and (d) best-of-dutycycle fixes
filtered by the Douglas-Argos filter (MRD set at 10 km; n = 117).



Filters
A straightforward way to get rid of erroneous fixes is to only include high quality
location fixes (LC 1–3, fig. B.1A,B). This way of filtering, however, is extremely
conservative as 0, A and B fixes can be correct (i.e. close to the true location). Addi-
tionally, such filtering considerably reduces the dataset as normally, only a minority
of the fixes are of high quality LC: Strandberg et al. ([2008] report 21% high quality
fixes for marsh harriers Circus aeruginosus migrating between Sweden and West-
Africa; Pfeiffer and Meyburg (2009) report 4.2% high quality fixes for red kites Milvus
milvus in Germany, and 32.3% high quality fixes for tracked raptors in the USA.

Erroneous location fixes can be recognized on maps; the animal seems to move a
substantial distance and then return to the area where it came from, resulting in a
track that goes “out - and – back”. Such “spikes” imply unrealistic movement rates in
combination with unrealistic bearings between subsequent location fixes (fig B.1A).
Filters can thus also be based on the speed and angle between subsequent location
fixes, removing fixes that result in unlikely speeds and angles. Alternatively, erro-
neous location fixes are removed by graphical means, by plotting latitude over time
and longitude over time (fig. B.2A,B). Spikes in either of these graphs mean that in a
series of location fixes, one fix is far off from others, whereas both the preceding and
the following fix are in line with the ones before and after (although, occasionally,
“double errors” occurr, with two subsequent erroneous fixes). For spikes, it should
be checked whether the mirror location is an outlier as well. If not, the mirror loca-
tion is assumed to be the accurate position. Spikes produced by high quality location
fixes should always be accepted as being true. To double-check whether the bird
track selected based on the applied selection is plausible, the location fixes should be
plotted on a map. These plots can be used to represent migratory routes. An impor-
tant advantage of these filtering procedures over only selecting certain LC is that
low quality location fixes can be included, enlarging the dataset and avoiding large
gaps in the tracks (fig. B.1C). 

When very few locations are obtained, it will be difficult to recognize erroneous
locations by above-mentioned criteria. For example in the case only a single low
quality location fix is obtained for a certain part of the migratory travel, it cannot be
evaluated whether this location fix is aberrant as nearby fixes are lacking. Including
low quality fixes in this case will however not affect general travelling statistics,
although care should be taken when evaluating spatial aspects or short time statistics.

The Douglas Argos-Filter Algorithm, available from the USGS Alaska Science
Centre (http://alaska.usgs.gov/science/biology/spatial/douglas.html) and included in
the Movebank tool pack (www.movebank.org), combines these two approaches by
including all high quality location fixes, and filtering low quality fixes based on
distances between consecutive fixes and movement rates and bearings of consecutive
movement vectors (fig. B.1D). While selecting low quality location fixes, this algo-
rithm also evaluates the ARGOS mirror locations, which sometimes are correct. User-
defined thresholds for improbable velocity and angles allow the user to adjust the
filtering to conform to a species’ movement capability and behaviour. The algorithm
also allows animals to alternate between non-migratory periods with short and
undirected movements and migration periods with high velocity and directionality.
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Resampling procedures
For certain analyses (see below) not all data points are necessary; it may for example
be desirable to use just one location fix per 24 hours. Here we discuss two alterna-
tive resampling procedures: the best fix per duty cycle, and the best fix per day
(independent of duty cycle). For both alternatives, it is important to first remove
erroneous location fixes from the raw dataset, preferably by graphical means or by
applying the Douglas Argos-Filter Algorithm. For the best location fix per duty cycle,
the fix with the highest LC value is selected for every transmission period. From
fixes with the same LC value, the first in time is chosen (see also Thorup et al. 2003).
Selecting one location fix per day may have advantages in case the migrant does not
travel continuously but only during the day or during the night. In that case, the fix
with the highest LC is selected for the period the animal is not moving (night for
diurnal migrants and day for nocturnal migrants). When no fix is obtained for the
stationary period (for example because the OFF period coincided with the stationary
period), no fix is selected. This will result in a gap in the dataset or create segments
that span several days.

Calculating travel dynamics

It is rather straightforward to define the start and end of migration for a migrant
that occupies small territories during breeding and wintering; migration starts the
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Figure B.2 Satellite track (July 2006 –
July 2007) of Montagu’s harrier adult
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day when the bird leaves its breeding territory and ends when it has arrived in its
wintering territory (and vice versa for the return migration). Defining the onset and
end of migration is more challenging for mobile birds that do not hold strict breeding
or wintering territories, and in the case the animals make pre- and post-migratory
movements. Limiñana et al. (2007) recognized the need for a method that is widely
applicable and objective, but used different criteria to define start and end of migra-
tion. We plea for using similar criteria to define onset and end of migration.

In general terms, we can state that migration has started as soon as the bird has
left the range used during the breeding season. In other words, migration has started
as soon as the bird changes its behaviour from roaming a limited space to making a
directional movement out of this space towards its wintering quarters. Similarly, we
can state in very general terms that migration has ended when the bird has arrived
at its wintering grounds, i.e. when it switches from directional to local movements
again. Although these definitions are somewhat vague, and not applicable to all
species and situations, they sketch a general framework which helps to decide on
the criteria to use for different species and situations.

Start and end of migration
In many cases, birds use a limited area during both summer and winter. If this is
true, the onset of migration is defined as the day the bird leaves one area, and the
end of migration is defined as the day the bird arrives at the other area. To define
the borders of these areas, high quality location fixes can be used to calculate the
maximum distance from the centre of the area (e.g. nest or roosting place), which
can function as a threshold value for departure or arrival. For Montagu’s harriers
Circus pygargus for instance, during a four - year radio telemetry study, the
maximum distance a male was observed from its nest during the breeding season
was 18 km (chapter 3). GPS-based satellite telemetry indicated that marsh harriers
move up to 15 km from their nest in the summer (RHGK, personal observation). It
can be defined that, as soon as the bird moves further away than this distance,
migration has started; and when the bird arrives within this distance of its later
wintering location, migration has ended. When a low quality location fix is the first
position outside the normal range, one can use the estimated error for that partic-
ular LC to establish whether this fix was definitively outside the breeding range or
not. Note that in order to define the end of migration, it is often convenient to work
backwards in time, i.e. to start to define the wintering range based on high quality
locations, and then check when this range was entered in autumn. According to this
definition, migration periods can start and end with very slow travel days. In the
case no location fixes were obtained at the onset or end of migration, average travel
rates can be used to determine the start or end of migration, extrapolating from the
first or last location fix the birds was on migration.

Dispersal is the behaviour of young birds to leave their natal territory after
fledging, and it possibly is important to explore possible future breeding sites. This
is a special form of migration (dispersal migration), and should not be included when
evaluating autumn migration. Dispersal migration differs from normal migration in
timing, and in directions: dispersal may occur much earlier in the season, and it may
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occur into all possible directions. Thus, by looking at the timing and directions of the
first movements of young birds, one can establish whether these movements should
be considered as dispersal or true migratory movements.

A factor that very much complicates defining the start and end of migration are
pre- and post-migratory movements. Pre-migratory movements are movements
away from the area used during the breeding season, and round trips towards loca-
tions outside the area used during the breeding season, that occur well before the
onset of migration. Pre-migratory movements also mimic dispersal movements by
the fact that they may occur in many different directions. Some marsh harriers, for
example, make pre-migratory movements, well before August, when the harriers
initiate their migrations. Some harriers also make large scale round trips before the
onset of migration (Strandberg et al. 2008). Lesser-black backed gulls Larus fuscus
also make pre-migratory movements, in this case always round trips to distant sites
(Klaassen et al. in prep). Pre-migratory movements should not be considered when
calculating migration distance and daily travel rates. However, these movements
should be included when calculating the overall speed of migration, in the case the
birds acquire energy at their pre-migratory sites (in such case, pre-migratory move-
ments can be considered as the first movement to the first stopover site). 

Post-migratory movements occur when birds use several wintering sites. The
first wintering area, i.e. the first site within the wintering range where the animal
stays for a longer period, is presumably the primary goal of autumn migration.
Migration has ended when the first wintering site is reached. Post-migratory move-
ments should not be included in the calculation of migration distance, daily travel
rates, or overall migration speed, as their function is predominantly wintering itself.
Just as pre-migratory movements, post-migratory movements occur outside the
normal migration period. Marsh harriers, for instance, make post-migratory move-
ments in mid-winter, rather than in autumn (Strandberg et al. 2008). Movements of
Montagu’s harriers between different home ranges in the wintering range have been
recorded throughout the whole wintering period (chapter 7). The timing of these
movements is thus important to distinguish them from stopover behaviour.

Due to the high variation in behaviour of birds, it seems impossible to provide
firm statistical rules that define the onset and end of migration. However, by
acknowledging that birds can make dispersal movements, and pre- and post-migra-
tory movements, we have a tool pack at hand to classify different behaviours, and to
restrict further analyses to the period for which the movement to and from the
wintering area is the main function.

Total migration distance
The total migration distance is defined as the length of the path between the
breeding and wintering site, which is longer than the shortest possible route
between breeding and wintering site (i.e. great circle route). The shorter the duty
cycle of a satellite transmitter, the more precise the path of the bird (with all its
detours) is tracked. Tracks with more location fixes are longer, and thus transmitters
with shorter duty cycles produce longer paths than transmitters with longer duty
cycles.
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In order to correct for different path lengths caused by a different amount of data,
the calculation of total migration distance is often based on the best fix per duty
cycle dataset. The distance between consecutive selected fixes is summed up to
calculate total track length, in which stopover days are not included (see below). By
only including one fix per duty cycle, the paths are smoothed, and spatial and
temporal autocorrelation between fixes are reduced in a standardized way, making
path lengths comparable between studies. The path lengths calculated in this way
should be considered as being conservative estimates of true path lengths, as they
probably underestimate the true distance migrated. The method is not applicable
when duty cycles vary too much, or the data set contains too many or too large gaps.
Tracks containing very few data (with gaps in the order of magnitude of one to
several weeks) will not produce comparable results and should be excluded from
analyses.

Movement rates
The overall migration speed is a key parameter in migration studies, and is defined
as the overall rate of travel, including the time that was necessary for accumulating
the energy required for the travel (Alerstam & Lindström 1990). Overall migration
speed is often calculated by dividing the total migration distance by the number of
days between start and end of migration (i.e. the time between departure from the
breeding area and arrival at the wintering area). The obtained migration speed is,
however, an overestimate of the true migration speed, as the time the animal may
have acquired energy before the onset of migration is not included. In order to calcu-
late the true overall migration speed, the researcher thus needs to obtain informa-
tion about energy fuelling time before the onset of migration (see for example Green
et al. 2002).

Daily travel rate is another important parameter in migration studies, and is
defined as the average distance an animal travels on travel days (excluding stopover
days). In order to be able to calculate the daily travel rate, first a distinction between
travel and stopover days must be made (see next paragraph). Daily travel rates are
best calculated using the best position per duty cycle dataset (for migrants travelling
during both the day and the night) or the best position per day/night dataset (for
nocturnal and diurnal migrants). Based on one of these datasets, segments are
defined. The daily travel rate is the average length of the segments that are labelled
as travel days (see below). For long gaps in the dataset, no distinction can be made
between stopover and travel days. Either, tracks with long gaps can be excluded
from analyses; or only short segments out of all tracks are used, and long (gap)
segments are excluded from analyses.

Distinguishing between stopover and travel days
The distance an animal travels during a day or during 24 hours varies depending on
the number of hours the animal is travelling and effects of wind. The distance trav-
elled on stopover days is small (close to 0), whereas the distance covered on travel
days is large (for diurnal raptors typically >100 km). Often, an arbitrary threshold is
chosen to distinguish between travel and stopover days. As a result, very different
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threshold values have been used in different studies. For example 25 km/day was
used for marsh harriers (Strandberg et al. 2008), 50 km/day for Montagu’s harriers
(Trierweiler et al. 2007a, chapter 5), and 100 km/day for ospreys Pandion haliaetus
(Kjellén et al. 2001). As these different threshold values are merely based on intu-
ition, comparisons between studies are misleading. The use of the same threshold
value for different species is, however, also not legitimate as it will cut off the
frequency distribution of segment lengths at different positions.

The frequency distribution of log transformed segment lengths (all segments)
typically shows two distinct peaks (fig. B.3A,B). The first peak is thought to be
related to stopover days and the second peak to travel days. Two normal distribu-
tions can be fitted (for example using R-package mclust, Chris Fraley & Adrian
Raftery). The intersection of these curves is the best possible estimate for the

122 Box B

–1
0.0

0.4

0.8

1.2

1.6

pr
ob

ab
ili

ty
 d

en
si

ty
 (

lin
es

)

30 1 2
log (daily travel speed)

A

B

0.0

0.1

0.2

0.3

0.4

0.0

0.4

0.8

1.2

1.6

0.0

0.1

0.2

0.3

0.4

re
la

tiv
e 

fr
eq

ue
nc

y 
(b

ar
s)

frequency of daily travel speeds
bi-normal distribution
first normal distribution
second normal distribution

Figure B.3 Frequency distribution of daily travel speeds (in km/d) of migrating (A) Montagu’s
harriers (n=53) and (B) marsh harriers (n=424). A bi-normal distribution was fitted. This distribu-
tion is the sum of two normal distributions, and has a probability density of q · N(μ1, σ1) + (1 – q) ·
N(μ2, σ2), where q is a scaling coefficient between 0 and 1. The first normal distribution is thought
to be related to stopover days, and days with slow progress due to intensive fly-and-forage migra-
tion, and had a mean of 9.6 and 8.9 km/d for Montagu’s harriers and marsh harriers, respectively.
The second distribution is thought to be related to travel days, and had a mean of 207.5 and 183.7
km/d for Montagu’s harriers and marsh harriers, respectively. The intercept of these curves
provides a threshold to distinguish between stopover and travel days. This threshold was for both
species 50 km/d.



threshold value to distinguish between stopover and travel days. This provides a
standard method to determine the threshold value for different species in an objec-
tive but flexible way, in order to achieve comparable results.

Discussion

Satellite telemetry has definitely opened a new chapter in the study of bird migra-
tion, as it allows to track the migratory movements of individual birds in great
temporal and spatial detail. The analysis of ARGOS data is however not as straight-
forward as one might think, mainly because location fixes come with considerable
uncertainty. Researchers thus have to make decisions which fixes to include in their
analyses, affecting the outcome. Currently, there are no widely used and accepted
criteria for filtering and analysing satellite data, and researchers tend to invent their
own methods over and over again. This lack of consistency in the treatment of satel-
lite data may make comparisons between species misleading. This is unfortunate as
inter-specific comparisons are a powerful tool to reveal general patterns. In this
paper, we have discussed several aspects of handling ARGOS data in order to under-
line possible pitfalls, and we make suggestions how to analyse data in order to
moderate inter-specific comparisons.

Next to analyses of conventional ARGOS satellite tracks that we discussed here,
we recommend to introduce flexible but objective criteria also in the analysis of
other tracking data, e.g. geolocator data (Stutchbury et al. 2009). In recent decades,
satellite tags that produce Geographical Positioning System (GPS) locations became
available. These location fixes, which are produced using cross localisations of
several satellites instead of the Doppler effect, have a high accuracy and can be
regarded as “true” locations, solving many of the here discussed problems. It is
nevertheless a challenge to analyse GPS data in such way that sensible comparisons
can be made with conventional satellite tracking data.
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The global migratory system of Montagu’s harrier
Circus pygargus – insights from satellite
telemetry and migration counts

Christiane Trierweiler & Rob G. Bijlsma

Box C

In this review, we investigate where Montagu’s harriers Circus pygargus
cross the Mediterranean whilst heading to and from their African
wintering grounds. The migrating numbers involved were calculated by
using breeding population estimates differentiated for corridors which
were delineated on the basis of flight paths shown by ring recoveries and
satellite telemetry. Further information on the relative volume of migra-
tion in different parts of the Mediterranean and Black Sea regions was
gleaned from migration counts at fixed watch sites (often bottlenecks). We
propose four migration corridors: Spain, the central Mediterranean
(mainly Italy), the Aegean (Greece, western Turkey) and the eastern route
(Georgia/eastern Turkey/Middle East). The easternmost migration route
into India is still unknown (perhaps skirting the Tien Shan), and smaller
numbers may cross along the eastern shoreline of the Caspian Sea into the
Arabian peninsula (with a crossing into Africa via Yemen-Djibouti).

Abstract



Introduction

Montagu’s harrier Circus pygargus is a migratory raptor species with a Palearctic
breeding and an Afrotropical/Indomalayan wintering distribution (fig. C.1). Breeding
grounds include Europe and parts of Asia East to Kazakhstan and the upper Yenisey.
Wintering areas comprise sub-Saharan Africa and the Indian Subcontinent
(Ferguson-Lees & Christie 2001). The global population estimate amounts to 100,000
breeding pairs (BirdLife 2009) of which 35,000–65,000 in Europe (BirdLife 2004,
Mebs & Schmidt 2006). These estimates come with a considerable amount of uncer-
tainty (chapter 9).

Montagu’s harriers stay four to five months on the breeding grounds. The larger
part of the year is spent on migration and in the wintering areas. Ring recoveries
and field observations have shown that western European Montagu’s harriers
winter in West-Africa (Arroyo et al. 2004, Trierweiler & Koks 2009). In contrast to
the intimate understanding of their ecology on the breeding grounds, the migratory
system is not completely understood. 
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Figure C.1 Breeding (black) and wintering (grey) distribution of Montagu’s harrier after Ferguson-
Lees & Christie (2001). Asterisk indicates hypothetical migratory divide between Montagu’s
harriers wintering in Africa (to the West) and in India (to the East) after Moreau (1972).



Since the 1930s, and especially since the late 1960s, counts of migratory raptors
at bottlenecks across the Mediterranean have substantially increased our knowledge
of pathways, species composition, numbers, timing and trends (Bijlsma 1987, Zalles
& Bildstein 2000). However, methodologies employed are rarely standardized. This is
because counts increasingly cover the ‘better’ part of the migration period only (i.e.
with the most species, the highest numbers). Results are often unpublished,
obscurely published or lack details regarding methodology. Several sections of the
Mediterranean are still poorly covered (notably the Aegean, Crete and Cyprus),
although the coverage of the central Mediterranean has much improved since the
1990s (www.raptormigration.org, www.sunbird.it/ornitos/bibliography.htm). From
the available literature, we compiled counts from across the Mediterranean up to
and including the Black Sea region and the Middle East. There can be no doubt that
many more data are available in the grey literature, but this loss of data is probably
insubstantial as so few reports can be used given the lack of details (websites and
birding reports being particularly notorious).

With the advent of satellite tracking, real time journeys of Montagu’s harriers
became visible (Limiñana et al. 2007, Trierweiler et al. 2007a, Trierweiler & Koks
2009, chapter 5, 8), elucidating flight trajectories during migrations and on the
wintering grounds. Known migration routes via Iberia and Italy were confirmed,
and the one via the Aegean was clarified (chapter 6). Satellite telemetry also made it
possible to test the hypothesis of loop migration, as put forward by García & Arroyo
(1998), based on ringing results, and by Panuccio & Agostini (2006), using counts of
migratory raptors in the central Mediterranean. The satellite-tracked birds confirm-
ed the existence of loop migration, but, in contrast to earlier suggestions, the loop
was not performed by birds wintering in western Africa (for which outward and
return migrations follow the same path), but by birds wintering in the central Sahel,
i.e. those originating from more easterly European breeding grounds (chapter 6).
These birds show a westward displacement during spring migration, eventually
crossing the central Mediterranean between Tunisia and Italy on their way to the
breeding areas.

Here, we try to broaden our vista of migratory strategies by combining satellite
tracks with raptor counts across the Mediterranean (including Middle East and
parts of Asia) and estimates of the source populations. 

Methods

Estimates of breeding populations in Europe were taken from Mebs & Schmidt
(2006), updated for Poland (D. Krupiński pers. comm.) and Spain (B.E. Arroyo pers.
comm.), and mostly spanning the early 2000s.  Additional estimates were derived
from Puzović 2000, Kirwan et al. 2008 and BirdLife International 2004. Based on
directions taken by satellite-tracked and ringed Montagu’s harriers, for each
country, an estimate was made which proportion of breeding pairs used one of
several migration routes known from migration counts, ringing records and satellite
telemetry: Spain, Italy, the Aegean and the Middle  East (Missbach 1973, Speek &
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Table C.1 Estimates of population size per country (see methods). Percentages of breeding pairs
(BP) supposedly migrating via the different migration routes into Africa are given for each
pathway (via Spain = Iberia and Gibraltar, via Italy = central Mediterranean, via Aegean =
Greece and western Turkey, via Middle East = between Black and Caspian Sea, through Middle
East, fig. C.2B). These percentages are derived from ring recoveries and satellite telemetry (see
methods).

via Spain via Italy via Aegean via Middle East
% BP % BP % BP % BP total BP

Armenia 100 150 150
Austria 100 20 20
Azerbaijan 100 350 350
Belarus 50 2,000 50 2,000 4,000
Belgium 75 3 25 1 4
Bulgaria 100 150 150
Croatia 100 50 50
Czech Republic 100 100 100
Denmark 75 35 25 12 47
Estonia 50 70 50 70 140
Finland 100 5 5
France 90 3,600 10 400 4,000
Georgia 100 150 150
Germany 75 300 25 100 400
Greece 100 15 15
Hungary 100 275 275
Ireland 100 1 1
Italy 100 300 300
Latvia 50 50 50 50 100
Lithuania 50 200 50 200 400
Luxembourg 50 1 50 1 2
Macedonia 100 60 60
Moldova 100 5 5
Netherlands 75 35 25 12 47
Poland 15 600 85 3,400 4,000
Portugal 100 1,000 1,000
Romania 100 10 10
Russia (European) + 15 3,750 85 21,250 25,000
NW Kazakhstan
Serbia 50 2 50 2 4
Slovakia 50 25 50 25 50
Spain 100 6,500 6,500
Sweden 25 18 50 36 25 18 72
Switzerland 50 3 50 3 6
Turkey 100 500 500
Ukraine 50 500 50 500 1,000
UK 100 7 7

Pairs total (post-breeding) 11,503 1,617 10,580 25,220 48,920
Individuals (post-breeding)* 36,810 5,174 33,856 80,704 156,544
Percentage (post-breeding) 23.5 3.3 21.6 51.6

* Number of individuals = number of breeding pairs*2+number of breeding pairs*1.2 (see text)
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Figure C.2 (A) Satellite tracks of Montagu’s harriers (after Trierweiler & Koks 2009, chapter 5, 6, 8).
Dots represent satellite location fixes. Lines connect subsequent fixes but do not necessarily
depict the actual migratory route. Solid lines: autumn tracks (n = 26 individuals); dashed lines:
spring tracks (n = 13 individuals). Only one autumn and spring track per individual is shown,
tracks of the same individual during subsequent years are excluded. (B) Relative importance of
migration routes (via Iberia, central Mediterranean, Aegean and East Turkey/Middle East) based
on estimated percentage of individual Montagu’s harriers of the total European population
migrating during autumn migration (proportional bars, based on tab. C.1)



Speek 1984, García & Arroyo 1998, Fransson & Pettersson 2001, Wernham et al.
2002, Limiñana et al. 2007, Cepák et al. 2008, Trierweiler & Koks 2009, chapter 6, 8,
tab. C.1, fig. C.2A). For countries where no such information was available, an extra-
polation was made based on findings for the nearest country with published data on
ringing and satellite-tracking. This exercise provided a rough estimate of the number
of Montagu’s harrier pairs potentially using different sections of the Mediterranean
during migration. Numbers migrating in autumn were calculated by doubling this
estimated number of breeding pairs (male and female), and adding 1.2 young per
pair (a conservative estimate of the mean number of fledglings per breeding pair;
Trierweiler et al. 2006a), resulting in the estimated number of individuals. For
spring migration, lack of data prevented an assessment of the relative importance of
the eastern migratory routes (via Aegean, Middle East and Turkey).

We compared the calculated numerical distribution of autumn migration through
Spain, Italy, the Aegean and the Middle East with the relative abundance of
migrating Montagu’s Harriers at migration watch sites across the width of the
Mediterranean Basin. Ringtail harriers, mostly female and juvenile Montagu’s
harriers and pallid harriers Circus macrourus with some hen harriers C. cyaneus,
are hard to identify, explaining the varying proportion of unidentified harriers
Circus spp. per watch site. To calculate the average number of migrants per day, we
used the sum of Circus pygargus and unidentified Circus spp., because we presume
the majority of unidentified ringtails to have been Montagu’s harriers. We expressed
the daily migration volume for the main period of passage, i.e. 15 August up to and
including 15 October, averaged per watch site over the available years (for counts
used, see appendix C.1). This exercise was repeated for spring migration (main
period of passage: 15 March up to and including 15 May), to elucidate differences
with autumn migration, if any.

Results

Of the estimated annual total of more than 156,000 European Montagu’s harriers
heading for Africa, 23% were considered to fly via the westernmost route across
Spain, 3% via the Central Mediterranean region (Adriatic Sea and Italy), 22% via the
Aegean Archipelago and 52% via the eastern route of Georgia, eastern Turkey and
the Middle East (tab. C.1, fig. C.2B). Raptor counts show a similar spatial distribu-
tion of autumnal migrants (C. pygargus and Circus spp.), with high numbers
recorded for southern Spain and – especially – between 35ºE and 45ºE (Georgia,
eastern Turkey, Middle East). The intervening section, from Italy through the
Aegean Archipelago, showed a steady trickle of much smaller numbers in any one
place (fig. C.3A,C).

The situation during spring migration is much the same as in autumn, albeit with
a more pronounced passage across the Central Mediterranean (about ten times that
in autumn, but still small in comparison to the eastern route; fig. C.3B,D).
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Discussion

Many of the European raptor species wintering in Africa rely on thermals during
migration and are known to avoid large sea crossings, concentrating at bottlenecks
on either side of the Mediterranean instead (Bijlsma 1987). Harriers nor falcons
abide this ‘law’, using active flight to cross the Mediterranean Sea and its hinterland
in a broader front, in the case of harriers greatly facilitated by their extremely low
wing loading (Spaar & Bruderer 1997, Meyer et al. 2000, Meyer et al. 2003, Bruderer
& Boldt 2001). Our analysis supports the notion of Montagu’s harriers crossing the
Mediterranean in broad corridors (chapter 6). In addition, the satellite tracks
revealed that the Aegean Archipelago is an important autumnal passage way for
eastern European Montagu’s harriers, much more so than hitherto appreciated (the
latter because of lack of data; Vaughan 1960, Vagliano 1985, Handrinos 1987). In
contrast to the islands in the Aegean, the Balearic Islands in the western Mediter-
ranean receive only a small share of migrating harriers, as indicated by radar obser-
vations (Meyer et al. 2000, Meyer et al. 2003). It is evident from satellite-tracked
birds that the majority of Montagu’s harriers using the western flyway do so via the
Gibraltar-Tarifa crossing or slightly to the east of it (www.seaturtle.org, chapter 6).
The crossing of the Aegean Archipelago may seem insignificant from visual observa-
tions of raptor migration, but it is – in contrast to the Balearics - numerically impor-
tant nonetheless. Autumn passage through Greece presumably does not differ much
from that through West-Turkey, where the rarity of Montagu’s harriers at bottle-
necks (notably Bosphorus and immediate environment) is to be regarded as an indi-
cation of migration on a broader front. Even in Georgia and eastern Turkey, where
Montagu’s harriers have been recorded in unprecedented numbers at bottlenecks
(Huber & Barbalat 1990, www.batumiraptorcount.org, Trierweiler et al. in prep.),
the numbers are still small compared to the population inhabiting the hinterland
(again, indicating migration over a wider front).

The importance of the Central Mediterranean pathway in spring has been known
for quite some time (Arnould et al. 1959, Thiollay 1975), and has been highlighted by
a multitude of censuses on islands off the Italian coast and in the Straits of Messina
(fig. C.2A-E, appendix C.1). Even so, this importance is still rather small compared to
the numbers using the flyway via the Middle East and eastern Turkey. The fact that
numbers passing daily in spring in the Central Mediterranean can be higher than at
Gibraltar-Tarifa is probably an artefact of the many watches in the central Mediter-
ranean being carried out on small islands. Islands perhaps attract passing Montagu’s
harriers from afar, and raptors are generally low-flying and highly visible after the
long flight across water. The incoming birds in the Gibraltar-Tarifa region cover a
wide front depending on wind direction, hence run a greater chance of being missed
during raptor counts (not to mention the poor coverage of spring raptor migration in
this region; Bensusan et al. 2007). A spring count from East-Turkey suggests that the
route via the Middle East/East-Turkey/Georgia may be of similar or higher impor-
tance than the Central Mediterranean route. More information on the importance of
this route, and especially the origin and goal of the birds that use the Middle East
and Aegean flyway in spring, should be collected.
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The main Mediterranean flyways, as depicted here, are the shortest water cross-
ings possible, i.e. ranging from 15-22 km in the west (Tarifa-Gibraltar to Morocco),
to 160 km in the centre (Cap Bon to Sicily, reduced to steps of 75–100 km when
intermittent islands like Pantelleria or Malta are used) or from Tunesia to Sardinia
(200 km), and up to 470 km in the east (170 km from southern Greece to Crete, then
300 km to Libya). Beyond these corridors, crossings are much wider, i.e. 700 km
between southern France and Algeria, 490 km between Northeast-Spain and Algeria
(with the Balearic Islands in between, at 190 km from the Spanish coast), and 600
km from southern Turkey to Egypt. Consequently, the choices of Montagu’s harriers
are in general not different from those made by nocturnal migrants (Bruderer &
Liechti 1999). This finding does not preclude the use of the widest sea crossings, as
evident from occasional observations of harriers at sea (Moreau 1953) and satellite
telemetry on Montagu’s harriers (fig. C.2A).

The available data do not allow an analysis of the migrations of Montagu’s
harriers breeding east of 55°E. This population is estimated at some 50,000 breeding
pairs (BirdLife 2009), but the margin of error in this estimate must be huge indeed
given the scarcity of quantitative data from much of this breeding range. Substantial
migration of Montagu’s harriers has been recorded along the eastern coast of the
Aral Sea and the southern Caspian Sea (Schüz 1959, Korelov 1962), which may end
up in East-Africa either by crossing the Arabian Peninsula (as shown by the passage
between Yemen and Djibouti; Welch & Welch 1989) or via the Middle East. The
harriers recorded migrating in the Syr-Darya and the Chokpak Pass in Kazakhstan
(Korelov 1962, Gavrilov et al. 2000) probably skirt the western Tien Shan and head
for India. Although the entire Indian Subcontinent is ascribed as a wintering region
for Montagu’s harriers, little information is available to substantiate such claims.
Large roosts of up to 2000 Montagu’s harriers have been recorded for Gujarat in NW
India (Clarke et al. 1998), and roosting numbers in Andhra Pradesh in Central India
ranged in the tens to several hundreds (Ganesh & Kanniah 2000). The relative impor-
tance of India as a wintering area compared to Africa is unknown.
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Appendix C.1 Average number of migrating Montagu’s harriers and unidentified Circus spp. per
day (in the main migration periods, see text) at different watch sites, with references. Spring
counts at Gibraltar denote daily averages for the periods before and after 1980 (no details
provided).

Country Site Year Season Source

Bulgaria Balcik + Burgas 1976 Autumn 16 Königstedt & Robel 1982 2.1
Bulgaria Burgas 1976 Autumn 29 Roberts 1979 0.2
Bulgaria Burgas 1978 Spring 29 Roberts 1979 0.5
Cyprus Cap Greco 2005 Autumn 42 Roth 2008 0.0
Djibouti NE 1985 Autumn 1 Welch & Welch 1989 6.0
Egypt Gebel el Zeit 1992 Spring 1 Grieve 1996 0.0
Egypt Gebel el Zeit 1994 Spring 1 Grieve 1996 1.0
Egypt Gebel el Zeit 1994 Spring 1 Grieve 1996 1.0
Egypt Suez 1981 Autumn 42 Bijlsma 1983 0.3
Egypt Suez 1984 Autumn 41 van Diggelen et al. 1987 0.3
Egypt Suez 1990 Spring 28 Meininger & de Roder 1992 0.4
Egypt Suez 1982 Spring 55 Wimpfheimer 1983 0.1
Egypt Suez 1981 Spring 5 Bruun 1985 0.0
Georgia Batumi 2008 Autumn 51 www.batumiraptorcount.org/raptormigraton.htm 164.7
Georgia Batumi 2009 Autumn 50 www.batumiraptorcount.org/raptormigraton.htm 88.2
Greece Lesbos 2002 Autumn 3 www.greenlesbos.com/dowloads.igration.pdf 0.0
Greece Lesbos 1995- Spring 7 www.greenlesbos.com/dowloads.igration.pdf 1.3

2000
Israel Beit Shean. Northern Valley 1990 Autumn 66 Alon et al. 2004 7.6
Israel Beit Shean. Northern Valley 1991 Autumn 66 Alon et al. 2004 9.3
Israel Beit Shean. Northern Valley 1992 Autumn 66 Alon et al. 2004 5.7
Israel Beit Shean. Northern Valley 1993 Autumn 66 Alon et al. 2004 7.0
Israel Beit Shean. Northern Valley 1994 Autumn 66 Alon et al. 2004 9.2
Israel Beit Shean. Northern Valley 1995 Autumn 66 Alon et al. 2004 4.1
Israel Beit Shean. Northern Valley 1996 Autumn 66 Alon et al. 2004 8.7
Israel Beit Shean. Northern Valley 1997 Autumn 66 Alon et al. 2004 5.9
Israel Beit Shean. Northern Valley 1998 Autumn 66 Alon et al. 2004 5.4
Israel Beit Shean. Northern Valley 1999 Autumn 66 Alon et al. 2004 4.9
Israel Eilat 1980 Autumn 62 Shirihai 1982 0.4
Israel Eilat 1994 Spring 62 Yosef 1995 0.7
Israel Eilat 1977 Spring 62 Christensen et al. 1981 0.5
Israel Eilat 1983 Spring 62 Shirihai & Christie 1992 1.6
Israel Eilat 1985 Spring 62 Shirihai & Christie 1992 0.9
Israel Eilat 1986 Spring 62 Shirihai & Christie 1992 0.3
Israel Eilat 1987 Spring 62 Shirihai & Christie 1992 0.7
Israel Eilat 1988 Spring 62 Shirihai & Christie 1992 0.4
Italy Adriatic Coast. 2003 Spring 15 Panuccio et al. 2004 3.9

Mount Capodarco
Italy Arenzano 1985 Spring 15 Baghino 1996 0.5
Italy Arenzano 1986 Spring 20 Baghino 1996 1.1
Italy Arenzano 1987 Spring 30 Baghino 1996 0.4
Italy Arenzano 1988 Spring 20 Baghino 1996 0.3
Italy Arenzano 1989 Spring 30 Baghino 1996 1.6
Italy Arenzano 1990 Spring 31 Baghino 1996 1.5
Italy Arenzano 1991 Spring 20 Baghino 1996 0.6
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Appendix C.1 Continued

Country Site Year Season Source

Italy Arenzano 1992 Spring 20 Baghino 1996 0.2
Italy Arenzano 1993 Spring 20 Baghino 1996 1.0
Italy Arenzano 1994 Spring 20 Baghino 1996 0.4
Italy Calabria. Monte Conello 1992 Autumn 30 Agostini & Logozo 1995 0.2
Italy Calabria. Monte Conello 1993 Autumn 30 Agostini & Logozo 1995 0.4
Italy Capri 1994 Autumn 30 Jonzén & Pettersson 1999 0.4
Italy Capri 1995 Autumn 43 Jonzén & Pettersson 1999 0.1
Italy Conero Promontory 1999 Spring 25 Gustin et al. 2002 1.1
Italy Marettimo 2003 Autumn 16 Agostini et al. 2004 0.2
Italy Messina 2004 Autumn 18 Panuccio et al. 2005 3.5
Italy Messina 1996 Spring 45 Corso 2001 16.5
Italy Messina 1997 Spring 45 Corso 2001 11.3
Italy Messina 1998 Spring 45 Corso 2001 7.7
Italy Messina 1999 Spring 45 Corso 2001 4.2
Italy Messina 2000 Spring 45 Corso 2001 20.0
Italy Messina 1984 Spring 26 Giordano 1991 5.5
Italy Messina 1985 Spring 26 Giordano 1991 1.2
Italy Messina 1986 Spring 41 Giordano 1991 0.1
Italy Messina 1987 Spring 41 Giordano 1991 1.0
Italy Messina 1988 Spring 42 Giordano 1991 1.1
Italy Messina 1989 Spring 38 Giordano 1991 2.4
Italy Messina 1990 Spring 46 Giordano 1991 6.1
Italy Monte Brisinghella 1992 Spring 30 Serra et al. 1995 1.0
Italy Monte Brisinghella 1993 Spring 30 Serra et al. 1995 1.7
Italy Pantelleria 2003 Autumn 19 Agostini et al. 2004 0.4
Italy Sardinia 2005 Spring 14 Premuda et al. 2007 0.4
Italy Ustica 2002 Spring 45 Panuccio & Agostini 2006 2.8
Italy Ustica 2004 Spring 45 Panuccio & Agostini 2006 3.2
Jordan Wadi Dana 1994 Autumn 15 Andrews 1996 0.3
Jordan Wadi Dana 1995 Spring 61 Andrews 1996 0.0
Lebanon Harissa 1968 Autumn 4 Nielsen & Christensen 1970 0.5
Lebanon Harissa 1969 Autumn 10 Nielsen & Christensen 1970 0.7
Malta Buskett 1998 Autumn 62 Sammut & Bonavia 2004 0.3
Malta Buskett 1999 Autumn 62 Sammut & Bonavia 2004 0.3
Malta Buskett 2000 Autumn 62 Sammut & Bonavia 2004 0.4
Malta Buskett 2001 Autumn 62 Sammut & Bonavia 2004 0.2
Malta Buskett 2002 Autumn 62 Sammut & Bonavia 2004 1.0
Malta Buskett 1969 Autumn 45 Beaman & Galea 1974 0.1
Malta Buskett 1970 Autumn 45 Beaman & Galea 1974 0.1
Malta Buskett 1971 Autumn 45 Beaman & Galea 1974 0.1
Malta Buskett 1972 Autumn 45 Beaman & Galea 1974 0.0
Malta Buskett 1973 Autumn 45 Beaman & Galea 1974 0.0
Malta Buskett 1969 Spring 42 Beaman & Galea 1974 0.8
Malta Buskett 1970 Spring 41 Beaman & Galea 1974 0.8
Malta Buskett 1971 Spring 41 Beaman & Galea 1974 0.3
Malta Buskett 1972 Spring 41 Beaman & Galea 1974 0.2
Malta Buskett 1973 Spring 41 Beaman & Galea 1974 0.0
Romania Macin 2002 Autumn 45 Domahidi et al. 2004 1.0
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Appendix C.1 Continued

Country Site Year Season Source

Spain Gibraltar 1976 Autumn 62 Bernis 1980 22.0
Spain Gibraltar 1977 Autumn 62 Bernis 1980 22.3
Spain Gibraltar 1974 Autumn 62 Bernis 1975 12.7
Spain Gibraltar 1972 Autumn 61 Berrnis 1974 28.0
Spain Gibraltar 1973 Autumn 53 Bernis 1974 2.2
Spain Gibraltar <1980Spring 1 Bensusan et al. 2007 8.7
Spain Gibraltar >1980Spring 1 Bensusan et al. 2007 9.4
Spain Gibraltar 2008 Spring 43 www.gonhs.org/SoaringBirds2008.htm 2.0
Tunisia Cap Bon 1974 Spring 29 Thiollay 1975. de Jong et al. 2009 4.5
Tunisia Cap Bon 1975 Spring 15 Thiollay 1977 3.1
Tunisia Cap Bon 1979 Spring 16 Dejonghe 1980 8.3
Tunisia Cap Bon 1990 Spring 62 Kisling et al. 1994 6.5
Tunisia Cap Bon 1991 Spring 51 Kisling et al. 1994 3.9
Tunisia Cap Bon 1992 Spring 51 Kisling et al. 1994 4.8
Turkey Arhavi 1976 Autumn 54 Andrews et al. 1996 15.6
Turkey Arhavi 1990 Autumn 5 Kok & Ongenae 1995 5.8
Turkey Belen Pass 1989 Autumn 3 Huber & Barbalat 1990 0.0
Turkey Belen Pass 1976 Autumn 39 Sutherland & Brooks 1981 4.5
Turkey Belen Pass 1963 Autumn 5 Cameron et al. 1967 0.4
Turkey Borcka 1980 Autumn 13 P. Heathcote in letter 2.7
Turkey Borcka 1978 Autumn 10 A. Broome & P.A. Doherty in letter 7.4
Turkey Borcka 1990 Autumn 8 Kok & Ongenae 1995 0.5
Turkey Borcka 1994 Autumn 12 Mrlík et al. 1995 0.8
Turkey Bosphorus 1931 Autumn 33 Steinfatt 1932 0.0
Turkey Bosphorus 1959 Autumn 18 Ballance & Lee 1961 0.0
Turkey Bosphorus 1966 Autumn 52 Porter & Willis 1968 0.0
Turkey Bosphorus 1980 Autumn 35 Somsag 1981 0.5
Turkey Bosphorus 1988 Autumn 12 Tucker 1989 0.2
Turkey Bosphorus 1971 Autumn 51 Beaman 1973 0.2
Turkey Bosphorus 1973 Autumn 23 Pedersen & Ollegaard 1974 0.2
Turkey Bosphorus 1937 Spring 39 Mauve 1938 0.0
Turkey Bosphorus 1965 Spring 23 Collman & Croxall 1967 0.0
Turkey Bosphorus 1978 Spring 14 Ritzel 1980 0.4
Turkey Bosphorus. Camlica 1990 Autumn 2 Bijlsma 1990 0.0
Turkey Bosphorus. Sariyer 1990 Autumn 2 Bijlsma 1990 0.0
Turkey Cildir 1989 Autumn 2 Huber & Barbalat 1990 57.5
Italy Marettimo 1997 Autumn 14 Agostini et al. 2000 0.4
Italy Marettimo 1998 Autumn 20 Agostini et al. 2000 0.3
Turkey Firtina River. Rize 1993 Spring 5 Faldborg 1994 12.6
Ukraine Crimea 2006 Autumn 6 Ouweneel 2007 3.5
Greece Porto Lagos 1987 Spring 62 de Nobel et al. 1990 0.9
Greece Antikythira 2006 Autumn 52 http://greekbirding.blogspot.com/2006/ 0.5
Italy Conero. Gradina del Poggio 2004 Spring 26 Premuda et al. 2008 3.5
Italy Monte dei Corvi 2004 Spring 26 Premuda et al. 2008 1.5
Italy Po Delta 2005 Spring 15 Premuda 2007 2.5
Italy Promontorio del Gargano 2003 Spring 11 Premuda 2004 0.7
Italy Capo d'Otranto 2003 Spring 10 Premuda et al. 2004 9.4
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Processes during wintering season

Part III



Wende dein Gesicht der Sonne zu, dann fallen die Schatten hinter dich

- Afrikanische Weisheit -


