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140 Chapter 7

The ecology and population dynamics of migratory animals are influenced
by events that occur in different, often geographically distant places and
during different seasons. Conditions on the wintering grounds can
directly influence survival and even carry over to affect reproductive
success. Food availability plays a major role in the causation of non-
breeding season behaviours such as movement behaviours in the
wintering grounds. We studied the movement behaviours of a Palearctic-
African migratory raptor, Montagu’s harrier Circus pygargus in its
wintering grounds. Satellite telemetry indicates that northern European
Montagu’s harriers winter (September – March) in a narrow latitudinal
range of the Sudano-Sahelian Zone in West-Africa. Harriers visit on
average four home ranges during each winter that are at on average at
200 km distance from each other. Two out of 16 birds, however, remained
in the same region during the whole season, indicating the existence of
mixed wintering strategies. Home range size was in the same order of
magnitude as in the breeding areas. Most preferred habitats were mosaics
of diverse habitat types including high percentages of grassy vegetation
and cropland. Montagu’s harriers, birds of open landscapes in the
breeding areas, consequently occupy a similar niche year-round. The
main prey of Montagu’s harriers in the wintering areas are grasshoppers.
Grasshopper abundance in the field was related to vegetation greenness
(measured by the Normalized Difference Vegetation Index NDVI). This
measure of primary productivity was therefore used as proxy for food
availability. Highest grasshopper numbers were found in a relatively low
range of NDVI values (“optimal range”) representing open vegetation.
Harriers selected home ranges with NDVI values within this optimal
range throughout the dry season. The general seasonal decline in vegeta-
tion greenness was less pronounced in visited home ranges than outside
of these. This was most likely caused by the directed regional movement
behaviours of the harriers in on average SSW direction. We suggest that
Montagu’s harriers follow a “green belt” of optimal NDVI values through-
out their overwinter stay, which are linked to highest food availability.
Ecological conditions in the wintering areas have been shown to influence
spring migration phenology, survival rates and population changes in
several migratory bird species. It remains to be investigated whether
fitness consequences for Montagu’s harriers result from ecological condi-
tions in the wintering areas and from different wintering strategies. 

Abstract



Introduction

The ecology and population dynamics of migratory animals are influenced by events
that occur not only during different seasons, but often also in geographically distant
places (Greenberg & Marra 2005). Reproductive success of migrants is directly influ-
enced by effects operating during the breeding season, but also by pre-breeding
conditions and carry-over effects from previous seasons. Survival is affected year-
round, i.e. also during migrations and in the wintering grounds.

To understand the year-round ecology and effectively conserve a migratory
species, research and conservation on the breeding grounds alone is not sufficient
(Newton 2008). Environmental conditions in the winter quarters may directly influ-
ence non-breeding season survival, and also indirectly influence subsequent
survival and reproductive success via spring arrival date in the breeding areas, body
condition (individual level) or density-dependent processes (population level; Runge
& Marra 2005). Consequently, there is a clear need to understand ecological condi-
tions in the wintering areas of migrants. It has been suggested that food availability
plays a major role in the causation of wintering movement behaviours in migrants
and is thus important to study (Newton 2008). 

Among Palearctic-African migratory bird species, many raptor species have been
subject to detailed studies. Although relatively profound knowledge on breeding and
migration ecology of these species exists (e.g. Meyburg et al. 1998, 2004, Kjellén et
al. 2001, Hake et al. 2003, Limiñana et al. 2007, Trierweiler et al. 2007a, Gschweng
et al. 2008, Strandberg et al. 2008, 2009b, chapter 5, 6), their winter ecology has up
to now received little attention.

In the present study, we investigate spatial behaviours of a Palearctic-African
migratory raptor in the wintering grounds and test whether such behaviours are
influenced by environmental conditions, in particular food availability. We satellite
tracked Montagu’s harriers Circus pygargus. Montagu’s harrier breeding popula-
tions are vulnerable (European Birds Directive 79/409/EEC) and intensively
protected in many European countries (e.g. Koks & Visser 2002, Arroyo et al. 2004,
Trierweiler & Koks 2009, chapter 8). Montagu’s harriers spend ca. eight months per
year outside the breeding areas, of which ca. six months in the wintering areas
(chapter 6). The African wintering grounds of Montagu’s Harriers are arid and open
habitats located in the Sudano-Sahelian Zone of West-Africa, as well as in eastern
and southern Africa (Moreau 1972, Clarke 1996a, Trierweiler & Koks 2009, chapter
8). Ecological conditions in many West-African countries have changed dramatically
during the last decades, mostly due to degradation of natural and agricultural habi-
tats by an increasing human population pressure, as well as drought and climate
change (Thiollay 1989, 2006, Zwarts et al. 2009). Consequently, changing ecological
conditions on Montagu’s harriers’ wintering grounds are, next to bottlenecks on
breeding grounds and during migration, one of the potential reasons for the precar-
ious situation of the breeding populations.

The West-African Sahel and northern Sudan Zone (ca. 700 km wide) are charac-
terised by a long, severe dry season (October-May/June) with only 100 mm annual
rainfall in the North to 600–1050 mm in the South, caused by the seasonal shift of
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the Intertropical Convergence Zone ITCZ (Thiollay 1989, Mullié 2009a). During the
dry season (the northern winter), the vegetation is in general gradually desiccating,
starting in the North of this zone, where the dry season is longest, and proceeding to
the South.

It was supposed that in the diverse diet of Palearctic harrier Circus species
wintering in the Sahel, grasshoppers and particularly large migratory locusts usually
form the most important prey item (Thiollay 1989, Cormier & Baillon 1991, Arroyo
& King 1995). In years without migratory locust outbreaks, the picture may be quite
different. Several mainly sedentary grasshopper species, in particular Ornithacris
cavroisi, were identified as prey items of Montagu’s harriers wintering in Niger by
analysing pellets collected at small communal night roosts (ca. 60% of prey items
identified from pellets in January - February of 2006 and 2007, Trierweiler & Koks
2009, chapter 8). Other consumed prey items were e.g. mantids, beetles, birds and
gerbils. Grasshoppers also formed the bulk of prey items identified from pellets of
Montagu’s Harriers collected in Senegal in January - February 2008, with over 90%
of the prey items consisting of at least five grasshopper species of which O. cavroisi,
Acorypha clara and Diabolocatantops axillaris were the most important (Mullié
2009a). Non-migratory grasshoppers may be a much more reliable and predictable
food source than migratory ones (Moreau 1972, Clarke 2002). Thiollay (1989)
suspected that grasshopper numbers were highest in the northern Sahel Zone in the
beginning of the dry season, whereas peak grasshopper abundances in the middle
and late dry season were found in the more southern Sudan respectively Guinea
Zones. Thiollay (1989) supposed that this seasonal southward shift in peak abun-
dance of grasshoppers is tracked by a southward shift of acridivorous (grasshopper-
consuming) migratory birds (see also Mullié 2009a).

Satellite telemetry is a unique tool that allows testing whether habitat selection
and movement patterns of the acridivorous Montagu’s harriers are indeed related to
seasonal changes in environmental conditions caused by patterns of previous rain-
fall and the resulting patterns of grasshopper abundance in West-Africa.

The present study has three aims. The first is to investigate patterns of home
range use of Montagu’s harriers in West-Africa. Data were collected by satellite-
tagging 30 Montagu’s harriers in nine breeding areas in the Netherlands, Germany,
Denmark, Poland and Belarus and tracking their overwinter stay in West-Africa. The
second aim is to test whether Montagu’s harriers are selective in their habitat choice
(do they prefer certain habitat types over others?). We determine habitat types in
harrier home ranges using remote sensing data in the form of a readily classified
digital land cover map based on satellite imagery. The third aim is testing whether
any harrier dry season movements correlate with food availability. As no data on
grasshopper or other prey abundance covering the whole Sudano-Sahelian Zone
were available to us, we used vegetation greenness as a proxy for food availability,
because Montagu’s harriers often consume forbivorous (leaf-eating) grasshoppers
that depend on green vegetation. We tested whether harrier movements correlated
with the gradually desiccating conditions (decline in vegetation greenness) in the
course of the dry season. Vegetation greenness was analysed using images of the
Normalized Vegetation Difference Index (NDVI). NDVI has proven to be a mean-
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ingful measure for ecological conditions in studies on migrants before (Szep & Møller
2005, Balbontín et al. 2009, Rasmussen et al. 2006, Pettorelli et al. 2005). We first
investigated whether NDVI correlated with grasshopper abundance determined in
the field. Various authors (summarized in Maiga et al. 2008) have shown already
that the low resolution (8 km) but highly replicated NDVI data can successfully be
applied to identify areas suitable for grasshopper development. We expect that
harriers select a certain (optimal) range of NDVI values, which is related to high food
availability, and that this selection results in differences in vegetation greenness
within and outside visited harrier home ranges. 

Methods

Satellite tracking
We fitted 30 Montagu’s harriers (20 females, 10 males; 23 adults, 7 juveniles) from 9
breeding areas across NW- and NE-Europe with satellite transmitters during 2005-
2009 (Netherlands, Germany, Denmark, Poland, Belarus; details: chapter 6). We used
solar satellite transmitters of 9.5 g or 12 g weight (PTT-100 series, Microwave Tele-
metry Inc., Columbia, MD, USA; details: chapter 6). 

For the different analyses, two filtered datasets were created. The first dataset (1)
was a graphically filtered daily set with high temporal resolution, used for analyses
of temporal movement patterns. Only the highest quality signal (indicated by ARGOS
Location Class) for every day was selected (Fuller et al. 1998, Strandberg et al. 2008,
box B). We checked for outliers by plotting date vs. latitude and date vs. longitude.
4,482 positions of the total 20,171 positions covering the whole annual cycle
remained. In this study, we used the 2,879 fixes representing 31 wintering periods
(in four different winters) of 22 birds. Of these, the “most complete” 23 tracks of 16
individuals showed no or few periods without satellite signals of >8 days.

The second dataset (2) was a strictly filtered daily set with a lower temporal
resolution but higher spatial reliability than set 1. The set was filtered by The
Douglas Argos-Filter (http://alaska.usgs.gov), using a hybrid filtering procedure of
Minimum Redundant Distance (MRD, threshold set at 2 km) and constraints pre-
venting overly large travel distances and overly small angles (Distance, Angle and
Rate of travel, DAR). This set was used for spatial analyses (home range calcula-
tions). It consisted of 3,898 localisations for the whole annual cycle, of which 2,460
corresponded to 127 winter home range visits of 22 birds. Visits could be more than
one time to the same home range (within the same winter and also in different
winters).

Identification of wintering areas
Arrival in the first visited winter home range was defined in dataset 1 as the begin-
ning of the first stay of >1 day in the same local area south of the Sahara (south
18°N). To determine the location of the first as well as all subsequent home ranges
during one season, average latitudes and longitudes were averaged over at least two
consecutive positions south of the Sahara that did not deviate more than 0.1 decimal
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degrees (see chapter 6, appendix 6.3; box B). The resulting average position
(geographical centre of the home range) was the reference point for arrival. When
the bird was within a 40 km radius of this geographical centre, we assumed that it
had arrived in that home range (appendix 7.1, Box B). The home ranges assigned in
dataset 1 were imported into dataset 2. Only fixes within a home range (staging
days) were used in spatial analyses.

Home range contours and winter movement patterns
Localisations within each home range were taken from dataset 2 and loaded in ESRI
ArcMap 9.3.1 (ESRI Inc.) software. We calculated kernel home ranges using Likeli-
hood Cross Validation (CV) to estimate smoothing parameter h (box D). When the
dataset contained plausible outliers, we used Least Squares Cross Validation (LSCV)
to estimate h, a method more robust to outliers than CV. To check the reliability of
home range sizes calculated from satellite telemetry data, we compared breeding
home ranges from satellite telemetry and ground radio-tracking (box D). The average
50% kernel breeding home range size derived from satellite data (51 ±9 km2) was of
similar size as the 90% kernel estimates of breeding home ranges in the Netherlands
derived from ground radio telemetry (34.9 ±3.8 km2 , chapter 3). The average 90%
kernel breeding home range size from satellite data was tenfold larger: 250 ±49
km2. Whereas radio ground tracking may be liable to underestimate home range size
because of low detection probability of the bird near the outer home range contours,
satellite tracking may be liable to overestimates because of the relatively large error
estimates of satellite fixes (on average 1.7 km in our dataset, but see chapter 9). We
did consequently not draw strong conclusions on absolute winter home range size.
These home ranges are at this time the best available indications of the birds’
whereabouts; as home ranges are based on a number of satellite fixes, we think they
are more reliable and more suitable for studies of habitat selection than the use of
single fixes, which may be prone to considerable error (box D). No fine scale conclu-
sions can be drawn.

The smoothing parameters CVh and LSCVh were calculated with Animal Space
Use 1.3 software (Horne & Garton 2006, 2007). With Hawth’s Analysis Tools 3.27
(www.spatialecology.com), 90% home range contours were generated. For home
ranges with n <15 fixes, data points were buffered with 1.7 km (the average loca-
tion error estimate over the whole dataset) instead of calculating a kernel home
range (referred to as “buffered fixes” in the following; box D). The total wintering
range per individual was calculated as Minimum Convex Polygon (MCP) using
Hawth’s Tools over all localisations during one season (“track MCP”). A MCP
including 100 % of data of all individuals was used as a proxy for the species’
regional wintering range (“all MCP”). These MCPs were buffered with 1.7 km.

Distances and directions between two wintering areas were calculated using
loxodromes between the geographical centres of the two areas (Alerstam et al. 2006).
Dates were transformed to day numbers by subtracting 1 January 2005 of the data
from winter 2005/2006, 1 January 2006 from the data of 2006/2007 etc.
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Spatial analyses of habitat use in relationship to habitat type and
green vegetation
Proportions of different habitat types within the home ranges of Montagu’s harriers
were calculated using digital maps of land cover and NDVI in ArcMap (see below).
These were compared to the total range of that individual (track MCP) and of all
individuals (all MCP) with compositional analyses (Aebischer et al. 1993).

LAND COVER:
For the whole of West-Africa, habitat types were determined using the GlobCover
land cover dataset V2.2 (ESA GlobCover Project, led by MEDIAS-France) based on
satellite scenes from 2004–2006, with a resolution of 300 m. Home range polygons
were intersected with this map. In compositional analyses, habitat selection was
tested by comparing the home range surface area occupied by each habitat type to
the surface area of habitat available at different scales (Aebischer et al. 1993). Avail-
ability of the different habitat types was defined as follows: for the track MCPs from
the species’ regional wintering range (all MCP) and for 90% kernel home ranges by
the corresponding track MCP (broad view of resource use; Sunde & Redpath 2006).

NDVI:
Values of the NDVI range between 0 and 1. Ten day (decadal) NDVI composite
pictures with a resolution of 8 km were used:
(US Geological Survey, http://igskmncngs600.cr.usgs.gov./adds/).
First, we related grasshopper counts to NDVI. Grasshoppers were counted by
observers walking along line transects (846 ±38 m length, n = 328 transects, Niger
and Benin, January – February 2007, Trierweiler et al. 2007b, Trierweiler & Koks
2009, chapter 8) in natural and agricultural habitat types, ca. 1.5 m left and right of
the observer. We intersected polygons representing these transects with NDVI raster
maps in Arcmap. NDVI values were related to the number of grasshoppers >3 cm
length (smaller grasshoppers were assumed not to be an important food source for
harriers) counted in each transect (grasshopper abundance per meter transect
counted).

Next, NDVI within 90% kernel / buffered fixes home ranges was determined. An
average NDVI value for each wintering season decade was calculated for each home
range that was visited at least once in that winter, using raster statistics in ArcMap.
The value was calculated for decades when the harrier was actually present in the
home range and when it was not. Data from home ranges before the harrier arrived
or after it left the wintering range were deleted. Furthermore, NDVI values were
calculated for 158 randomly drawn points in the wintering range (all MCP). The
points were buffered with 1.7 km.

The difference of NDVI in a home range at time t (a given decade when the bird
was present in a given home range) and at time t-1 (the previous measurement of
that bird, at least one decade earlier) was calculated (hereafter referred to as Δ NDVI)
for all home ranges / decades with harriers present. Each Δ NDVI value was assigned
a movement score: either the harrier stayed in the home range or moved to a new
home range. 
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Statistical analyses
Temporal patterns of home range use and patterns of NDVI values were analysed in
multilevel random intercepts regression models in MLwiN 2.02 (Institute of Educa-
tion). Circular statistics and Rayleigh’s test were produced in R (package circular,
Lund & Agostinelli). Compositional analyses were carried out in R (package
adehabitat, function compana, Calenge 2006). Other statistical tests were run in
SPSS version 16.0 (SPSS Inc.).

Results

Temporal and spatial patterns of winter home range visits
The wintering range of NW- and NE-European satellite tagged Montagu’s Harriers
was between 9.9°N – 17.4°N and between 16.9°W – 15.7°E (fig. 7.1A,B).  The average
number of home ranges visited during one winter was 4.0 ±0.7 (most complete 23
tracks of 16 individuals selected, 2006-2009). A typical example of home range visit
patterns is shown in fig. 7.1C. One adult female used only one home range, another
female used only two in very close vicinity (<50 km separated) during one winter.
The maximum number of 12 home ranges during one winter was visited by an adult
female. The average distance between the geographical centre of home ranges was
208 ±34 km (n = 16 birds). In five out of 25 tracks, the same home range was visited
two (n = 6 home ranges) or three (n = 2 home ranges) times within the same season.
On average, each single home range visit took 45.1 ±5.7 days (n = 78 home range
visits). The longest visit in one home range took 181 days (the only home range
visited by an adult female during one winter).

The average direction between geographical centres of subsequently visited
home ranges was 207 ° (South-Southwest) and deviated significantly from random
(Rayleigh test, rho = 0.21, n = 75, p = 0.03). Larger distances tended to be moved
earlier in the season (two-level regression, Wald χ2 [distance moved] = 2.98, df =1,
p = 0.08). The latitudinal position of all birds was significantly related to day
number (fig 7.1B).

Habitat selection in the winter quarters 
A list and description of habitat types and a table of surface areas available in the
species’ regional wintering range (“all MCP”) is included in appendix 7.2. The
comparison of habitat use in track MCPs with the regional wintering range showed
that habitat use deviated significantly from random (compositional analysis,
randomisation test: λ = 0.00003, n = 31 tracks, 24 habitat types, p = 0.001, see fig.
7.2A,B). The habitat type “mosaic grassland, shrubland, forest, cropland” was not
only the most available category in the regional wintering range (14.7%), but it was
ranked as most preferred habitat type within track MCPs. Habitat types that were
selected over most others were furthermore “mosaic forest, shrubland, grassland”,
“open grassland”, “sparse vegetation”, “rainfed croplands”, “grassland, savannas”,
“mosaic cropland, grassland, shrubland, forest”, “bare areas” and “water bodies”.
Least favoured habitat types were “open forest/woodland”, “mosaic grassland, forest,
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Figure 7.1 (A) Satellite location fixes (triangles) of staging Montagu’s Harriers in the West-African
wintering areas (2005 – 2009). The digital map is a NDVI map (resolution: 8 km) of the first decade
of January 2007, as an example. The continuous NDVI values (0–1) have here been grouped into
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shrubland”, “sandy desert”, “closed forest or shrubland flooded”, and “broadleaved
evergreen or semi-deciduous forest” (fig 7.2B).

Comparing habitat composition of 90% kernel and 1.7 km buffered fixes home
ranges with the habitats available in the corresponding 100% track MCPs, habitat
use also deviated significantly from random (λ = 0.293, n = 121 home ranges, 13
habitat types, p = 0.01). “Mosaic cropland, grassland, shrubland, forest” (in varying
proportions) was ranked as most preferred habitat type (fig. 7.2C). This habitat type
was not significantly different from “grassland, savanna”. Other habitat types were
not preferred.

Correlations of harrier dry season movements with vegetation greenness
Grasshopper abundance in transect counts correlated with NDVI (fig. 7.3).
Maximum grasshopper (>3 cm length) abundance in Niger and Benin (January –
February 2007) occurred at NDVI values between 0.180 and 0.259 (in the lower
range of NDVI values for open vegetation, in the following referred to as “optimal
range”). The presence of a relationship between grasshopper abundance and NDVI
indicates that NDVI may be used as a suitable proxy for food abundance for
grasshopper-consumers like Montagu’s harriers. 

Greenness in home ranges where a Montagu’s harrier was present differed
significantly from greenness outside these areas; furthermore, the seasonal decline
in greenness was significantly less pronounced in visited home ranges than outside
these home ranges (tab. 7.1). The fitted curves (fig. 7.4) show that average NDVI
values in visited home ranges were within the predicted optimal range of relatively
open vegetation, correlating with high abundance of grasshoppers, during the major
part of the season. On average, harrier movements between home ranges resulted in
a positive difference in NDVI values (fig. 7.5), whereas seasonal changes in the Sahel
cause on average decreasing NDVI values throughout the dry season (fig. 7.4). This
indicates that the harriers select new home ranges in order to maintain optimal
vegetation greenness. In the first part of the dry season, harriers were able to reach
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Figure 7.2 (left) (A) 100% MCP of all fixes of satellite tracked Montagu’s harriers in West-Africa
(regional species wintering range, “all MCP”, black outline) with 100% track MCPs (grey) and 90%
kernel home ranges and buffered fixes (black dots, drawn larger than actual size). (B) Percentage
surface area of available habitat types in “all MCP” (description see appendix 7.1, based on digital
map GlobCover landcover V2.2) compared to percentage within track MCPs (i.e. the selection of
the harriers; surface areas 3,000,000 km2 respectively 1,000,000 km2). Habitat types are ordered
from top to bottom according to descending rank in compositional analysis (rank 1: most
preferred, last rank: least preferred). Asterisks indicate the cluster of habitats that was preferred
over the other habitats (α = 0.05). Note that the compositional analyses are based on the propor-
tional use of habitat types per track (not overall) compared to the habitat available. Selection can
thus be significantly positive even though the total used percentage presented in the figure is
smaller than the percentage available. (C) idem for habitat types available in track MCPs
compared to 90% kernel and buffered fixes home ranges (surface area 13,000 km2). Habitat cate-
gories that had zero surface areas in track MCPs were omitted from this analysis, the remaining
categories were grouped to avoid a large number of zero occurrences. 
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Figure 7.3 NDVI vs. average abundance of grasshoppers >3 cm length (number/meter transect
counted) in January – February 2007 in Niger and Benin (Spearman correlation on ungrouped
data: R = 0.23, n = 328, p<0.0001). The light grey rectangle indicates the range of NDVI values
with highest grasshopper abundances. To determine this range, a cubic curve was fitted to the
averages over 0.01 NDVI bins (dotted line; y = –3E-06x3 – 8E-05x2 + 0.003x – 0.007, R2 = 0.20,
p = 0.3). Although this fit was not significant, the highest part of the curve was useful to identify
the NDVI range (0.180 – 0.259) in which significantly higher numbers of grasshoppers were
encountered than at either lower or higher NDVI values (Mann-Whitney U test of grasshopper
counts within and outside the identified range: U = 9092.0, n = 328, p<0.0001).

Table 7.1 Significance of random and fixed effects in a three-level regression model with
y = lg10(NDVI * 250 + 0.375). Here, home ranges where the harrier was absent and random points
in the wintering range were grouped as “absent”.

beta s.e. chi df p
squared

random
winter ID 0.001 0.002 0.7 1 0.4
bird ID 0.011 0.002 24.7 1 <0.0001
home range ID 0.042 0 7192.7 1 <0.0001

fixed
constant 1.869 0.026 5288.1 1 <0.0001
harrier presence (absence = reference category) –0.042 0.018 5.7 1 0.0200
decade –0.014 0 2881 1 <0.0001
harrier presence/absence*decade 0.005 0.002 8.7 2 0.003

n = 14.456



home ranges with a much higher NDVI than their previous home range, whereas in
the second half of the dry season, when NDVI values are generally low, differences
were smaller (fig. 7.4, 7.5).

Discussion

Temporal and spatial patterns of winter home range visits
Satellite telemetry shows that NW- and NE-European Montagu’s harriers winter in
a relatively narrow belt of the Sudano-Sahelian Zone in West-Africa. Opposed to
earlier hypotheses of nomadic movements of Montagu’s harriers in the wintering
quarters (e.g. García & Arroyo 1998), this study shows that individuals chose a small
number of home ranges. The average surface area of 90% kernel winter home ranges
was of similar size as breeding home ranges based on satellite telemetry data
(winter: 158 ±18 km2, n = 68, breeding: 250 ±49 km2, n = 11). We conclude that
familiarity with relatively small areas within the wintering range is relevant or
convenient for Montagu’s harriers.

The home ranges that were visited in the beginning of the overwinter stay were
in general more northern than later visited home ranges. Montagu’s harriers showed
a directed movement of on average ca. 650 km SSW during the dry season between
their subsequent home ranges. If the birds followed retreating greenness (see here-
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Figure 7.4 NDVI (2005 – 2009) of home ranges while satellite tracked Montagu’s harriers were
present compared with the home ranges while the birds were absent (only in the same winter) and
compared with 158 random 1.7 km-buffered points in the whole regional wintering range
(“all MCP”). Fitted curves were calculated in random intercepts multilevel regression models with
y = lg10(NDVI * 250 + 0.375), for significance of random and fixed effects see table 7.2. Equations:
present in home range, y = 1.0 + 0.005*daynumber + 0.000*daynumber2, n = 553; absent from
home range, y = 1.1 + 204.6/daynumber, n = 1,737; random points, y = 1.2 + 178.1/daynumber,
n = 12,166. The large grey rectangle indicates NDVI values with highest grasshopper abundance
(0.180 – 0.259, see fig. 7.3). Error bars represent ± 1 s.e.



after), which occurs along a North-South axis, movements to the South would be
expected. Often prevailing strong NE trade winds (Harmattan) in the Sahel,
however, may result in the SSW shift. In the following, we investigated whether the
selection of home ranges was related to habitat characteristics and whether move-
ment patterns were related to seasonal changes in habitats and food abundance.

Habitat selection in the winter quarters
We investigated habitat selection at two scale levels. One was that of selecting an
individual Montagu’s harrier’s wintering range (average size 32,000 ±6,500 km2)
out of the species’ regional wintering range (“all MCP”; 3,000,000 km2). The second
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was the choice of home ranges (average size 158 ±18 km2) within the individual’s
wintering range. Montagu’s harriers are birds of open landscapes in the breeding
areas and prefer open habitat types also in the wintering areas. They can therefore
be classified as niche followers, occupying a similar niche throughout the year
(Salewski & Jones 2006 and references therein). The most important winter habitat
types for the harriers appear to be mosaics of herbaceous vegetation (grassland,
savanna) and cropland in varying proportions, potentially interspersed with shrub-
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Table 7.2 Significance of random and fixed effects in three multilevel regression models with
y = lg10(NDVI * 250 + 0.375), according to presence / absence of bird respectively type of area.

Absent from home range   n = 1737
beta s.e. chi squared df p

random
winter ID 0.001 0.002 0.558 1 0.455
bird ID 0.014 0.003 27.266 1 < 0.0001
home range ID 0.009 <0.001 837.538 1 < 0.0001

fixed
constant 1.140 0.029 1533.267 1 < 0.0001
1/daynumber 204.633 4.872 1763.881 1 < 0.0001

Random 1.7 km buffered points   n = 12166
beta s.e. chi squared df p

random
winter ID 0.001 <0.001 1.843 1 0.175
home range ID 0.047 0.001 6063.457 1 < 0.0001

fixed
constant 1.216 0.016 5816.596 1 < 0.0001
1/daynumber 178.146 3.511 2574.192 1 < 0.0001

Present in home range   n = 553
beta s.e. chi squared df p

random
winter ID 0.003 0.003 0.941 1 0.332
bird ID 0.013 0.003 23.227 1 < 0.0001
home range ID 0.007 0.000 245.860 1 < 0.0001

fixed
constant 1.011 0.178 32.200 1 < 0.0001
daynumber 0.005 0.001 26.469 1 < 0.0001
daynumber^2 <0.001 <0.001 36.067 1 < 0.0001



land and forest. The preference for mosaic habitat types may indicate that heteroge-
neous habitats are preferred over homogeneous ones. This would be in line with the
theory that Palearctic migrants in the Sahel generally prefer structurally diverse
habitats (Salewski & Jones 2006 and references therein). High or dense forests,
flooded habitats and sandy desert were habitat types that were least preferred. This
is in line with results from fieldwork in Niger (January – February 2007), where
Montagu’s harriers were shown to avoid high tree densities and prefer grassland
and shrubland, possibly interspersed with trees, as well as some mosaic cropland
habitat types (unpublished data). Cropland may be attractive for harriers during
regular cultivation but also, and maybe especially, when it is fallow land.  Fallow
land can be seen as a natural habitat in the early stages of vegetation succession and
represents an ideal habitat for many grasshopper species: In Khelcom, central
Senegal, for instance, deforestation of a sylvo-pastoral reserve (55,400 ha) and
subsequent partial cultivation with a fallow cycle and partial natural succession
(1991–2004) resulted in a varied grasshopper community. More than 38 grasshopper
species were reported and many acridivorous bird species were attracted, including
Montagu’s harriers (Mullié & Gueye 2009, Mullié 2009b). 

Relationship of grasshopper abundance and vegetation greenness
We expected that the southward shift of Montagu’s harriers is related to the avail-
ability of grasshoppers, their main prey (Thiollay 1989, Mullié 2009a). Grasshoppers
in the Sahel and Sudan zones can be divided into species groups showing different
life history strategies, related to rainfall and vegetation development (Lecoq 1978,
Launois-Luong & Lecoq 1989). Locally, where conditions remain favourable during
the dry season, grasshoppers with continuous reproduction occur. Thus far, such
species have not been shown to be of major importance as Montagu’s harrier prey
(Mullié 2009a).

Species laying diapausing eggs, such as Acorypha glaucopsis, are becoming rare
in November and are absent from December/January until the eggs hatch after the
first significant rains of the next rainy season (Mullié & Gueye 2009). Montagu’s
harriers may prey upon these species only in the beginning of their overwinter stay
in the Sahel, and many remains of A. glaucopsis have indeed been found as prey
(WCM own obs.). Oedaleus senegalensis, a grasshopper species considered as the
most important grasshopper pest to Sahelian agriculture (Cheke 1990) and often the
dominant species of the grasshopper community, shows considerable movements
from the northern Sahel to the South at the end of the rainy season in September-
October (Maiga et al. 2008), coinciding with the first wave of Montagu’s harriers
moving in a SSW direction from their first home range. It is tempting to suggest a
causal relationship between O. senegalensis and harrier movements, as has been
found in Niger for the Abdim’s Stork (Petersen et al. 2008). Information on harrier
prey remains in the northern Sahel, however, is currently lacking, and visual obser-
vations of harriers taking O. senegalensis are yet rare.

Of definite importance as prey for Montagu’s harriers are grasshoppers with
diapausing adults. To this group belong Ornithacris cavroisi and Acorypha clara.
These species lay eggs after the first rains and develop into adults at the end of the
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rainy season. As they are present as adults during the dry season, they form the
most important prey species of all grasshoppers for acridivorous birds found in the
Sahel. Most of these species have an either forbivorous or forbivorous-graminivo-
rous diet. To the first group belongs A. clara (Launois-Luong & Lecoq 1989), to the
second O. cavroisi (Chapman 1964). Although forbivorous grasshoppers may find
food even in relatively dried out conditions, a relationship of adult densities of these
species with vegetation greenness is likely when they occur in evergreen shrubs.
Some species, however, are also - or predominantly - found in areas dominated by
Gramineae with only very scattered green vegetation, unlikely to show on satellite
imagery. Within the group of grasshoppers with diapausing adults, the relationship
of adult densities with vegetation greenness during the dry season may conse-
quently depend on the species and its ecological requirements.

Grasshopper species identified during fieldwork in Niger 2007 were a.o. Acan-
tacris ruficornis, A. clara and O. cavroisi (Trierweiler et al. 2007b, Trierweiler &
Koks 2009, chapter 8). Grasshopper abundance measured in the field correlated with
vegetation greenness (NDVI), presumably because of the dominance of O. cavroisi.
We could show this relationship even though grasshopper abundance was measured
in transects of on average several hundred m length (spread over more than 1000 km
from east to west), whereas NDVI maps were of much lower resolution (8 km). It is
thus reasonable to use NDVI in our study as the currently best available proxy for
food abundance. Highest numbers of grasshoppers in the field were associated with
a relatively low range of NDVI values, representing open vegetation, as the
mentioned grasshopper species occur mainly in open landscapes.

Vegetation greenness within and outside of home ranges
Habitats in the first visited winter home ranges of Montagu’s harriers, mostly situ-
ated in the North of the wintering range, comprised relatively open or sparse vegeta-
tion types of the northern Sahel Zone, with a relatively low greenness (fig. 4). NDVI
in harrier home ranges in the beginning of the dry season was consequently within
the “optimal” range of grasshopper availability we identified from field data,
whereas average NDVI over random areas and in home ranges where the harrier
was absent were above that range. There are at least two possible explanations for
the staging behaviour in the northern Sahel. First, the harriers face an energetic
bottleneck after the energy demanding crossing of the Sahara desert and are forced
to stage in the first suitable area they encounter on their way to their final destina-
tions. Their stay can be interpreted as a stopover and their further movements
within the wintering range as a continuation of autumn migration. Second, the
harriers stage in the northern Sahel zone because they encounter attractive habitat.
In this view, the staging behaviour may not be forced upon the birds by immediate
energetic constraints, but be more adaptive than continuing directly to more
southern destinations. Vegetation in the South may at that time of the season not
harbour as many grasshoppers, or it may be too lush to be favourable for hunting
harriers: dense vegetation cover and high vegetation height may result in relatively
low prey availability for harriers (Simmons 2000). The idea of an “optimal” range of
vegetation greenness suggests that the latter hypothesis is more plausible.
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Whereas NDVI in subsequently visited Montagu’s harrier home ranges remains
relatively stable in the first part of the dry season, NDVI outside the visited home
ranges declines strongly (fig. 4). The pattern of greenness in subsequently visited
home ranges thus deviate from the general seasonal pattern throughout the Sahel.
This effect is not caused by home ranges being in themselves different from random
areas: the seasonal pattern of greenness in non-visited home ranges was similar to
random areas. This strongly suggests that the birds move to home ranges, which
they select according to food availability linked to vegetation greenness. Large posi-
tive differences in greenness between subsequently visited home ranges only
occurred in the beginning of the season, when the range of available greenness was
still large. It is in line with this observation that harriers tended to move larger
distances earlier than later in the season.

Harriers are regularly present in areas with NDVI values above or below the
presumed optimal range of high food availability, showing that this range represents
no strict thresholds. This may be explained by a seasonal shift in the optimal range
or geographical/habitat differences in this range, which can be expected due to
large habitat and seasonal differences throughout the Sahel during the dry season.
Behavioural flexibility of the birds may be another explanation, as the raptors may
feed to a higher extent on alternative prey such as birds or reptiles at NDVI values
lower or higher than the optimal range. An indication for the relevance of the
optimal range is, however, that Montagu’s harriers left the Sahel before average
greenness in visited home ranges declined below the optimal range (which happened
in the first decade of April, fig. 4): Average onset of spring migration was on 29
March (chapter 6). 

Our findings support the view that January to March are months when
grasshopper-consuming birds face limited food supplies in the Sahel (Brouwer et al.
2003, Mullié 2009a). By their movements, harriers may overcome these constraints
to a certain extent or length of time. From the beginning of April onwards, however,
even harriers may be confronted with low greenness within the habitat types that
are available to them, and consequently low food supplies. The preparation for the
energy-demanding migration (e.g. acquiring body reserves) may be difficult when
food supplies become limited. 

Following the “green belt” of optimal vegetation greenness
Our results indicate that the regional movements of wintering Montagu’s harriers in
the Sahel are indeed driven by dry-season habitat changes and related changes in
food availability. We propose to explain the observed movement patterns of harriers
by following a “green belt” of predictable and reliable (grasshopper) food availability
linked to vegetation greenness, which is shifting southward during the dry season,
caused by patterns of previous rainfall, in turn caused by patterns of a shifting ITCZ.

Montagu’s harriers wintering in West-Africa do not show itinerancy (Jones
1995). As the harriers move between home ranges that are on average 200 km sepa-
rated, it can be concluded, however, that they track food availability on a large scale.
Other migrant species have been shown to track food availability on such large
scales, e.g. wildebeest Connochaetes taurinus (Holdo et al. 2009). In birds, it has
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been shown that migrants’ numbers in a certain wintering site may correlate with
food availability, which was explained by extended migrations during the wintering
period (yellow wagtail Motacilla flava: Wood 1979; yellow-rumped warblers
Dendroica coronata: Terrill & Ohmart 1984). Experiments revealed that these
extended migrations may be triggered by food deprivation: in garden warblers
Sylvia borin, food deprivation during the wintering period enhanced nocturnal
(potentially migratory) activity (Gwinner et al. 1985, 1988). In outbreak years,
Montagu’s harriers may track exceptional high densities of alternative prey species
instead of seasonal grasshopper availability: Montagu’s harrier densities in some
Senegalese areas were much higher in a migratory locust (Schistocerca gregaria)
outbreak year than in a recession year (Baillon & Cormier 1993); exceptional high
densities of Montagu’s harriers were observed during a small mammal outbreak in
the Ethopian wintering area (C. Magin cited in Trierweiler & Koks 2009, chapter 8).

Mixed wintering strategies
Montagu’s harriers’ regional movement strategy during the wintering season points
towards seasonal shifts in food availability, and their between-year site faithfulness
to at least a subset of their winter home ranges (chapter 6) points towards relatively
constant food availability between years (Terrill 1990). Surprisingly, two out of 16
tracked birds (13%) used only a single home range (respectively two in close vicinity)
in the wintering range. The home range of one of these two birds remained rela-
tively green throughout the season. A visit to this home range revealed a diverse and
rich savanna surrounded by farmland habitats at this place in W-Mali. The two
home ranges of the other bird in S-Mauritania, however, decreased in greenness to
NDVI values representing very sparse vegetation. It could be that harriers staying
the whole season in one home range switch between differentially available prey
types. 

Potential fitness consequences
Effects of ecological conditions in the wintering areas may carry over to the
breeding season migratory bird species: Better ecological conditions in the wintering
areas (measured by higher NDVI values) advance migratory phenology in several
bird species (Balbontín et al 2009, Gordo & Sanz 2008). Variation in food availability
(or primary productivity or rainfall as proxy for food availability) in the wintering
areas has been shown to contribute to survival rates or even breeding success or
population change in many long-distance migratory bird species (Bairlein &
Henneberg 2000, Schaub et al. 2005, Grande et al. 2009, Peach et al. 1990, Szép 1995,
Saether et al. 2006, Eraud 2009, Norris et al. 2004, 2007). Whether influences of
ecological conditions in the wintering grounds carry over to the breeding season and
influence population changes remains to be investigated in Montagu’s harriers.
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Appendix 7.1 

Determination of a threshold for arrival in a home range
A histogram of daily distances that satellite-tracked Montagu’s harriers covered
during wintering in the Sahel (in km/day) showed two distinct peaks (presumably
representing two mixed normal distributions; fig. A7.1.1, box B). One peak was close
to zero, the other around 110 km/day. Assuming that values close to zero represent
staging days and values close to 110 km/day represent travel days (birds moving
between two staging areas), we conclude that on staging days, harriers move seldom
more than 70 km/day (the point where both curves meet). That means the radius of a
winter home range should be at maximum 35 km, which we rounded up to 40 km.
When determining whether a position was within or outside the 40 km boundary
around the geographical centre, we added approximate error estimates to the signals
of different quality (Hays et al. 2001, Soutullo et al. 2007).
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Appendix 7.2

Habitat types in the regional wintering range of Montagu’s harriers in West-Africa
(Tab. A.7.2.1 and Fig. A.7.2.1)

saltpans
closed grassland

closed forest
closed to open deciduous shrubland

sparse grassland
post-flooding or irrigated croplands

urban areas
mosaic grassland, forest, shrubland
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grassland or woody vegetation regularly flooded
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Figure A7.2.1 Landcover types in the regional wintering range of Montagu’s harriers based on
table A7.2.1.
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Table A7.2.1 Habitat types in the regional wintering range of Montagu’s harriers in West-Africa
(100% MCP of all wintering localisations of satellite tracked Montagu’s harriers, “all MCP”). The
table is based on and the landcover description is taken from GlobCover landcover dataset V2.2
(ESA GlobCover Project, led by MEDIAS-France), Africa regional legend. Groningen.

surface % of habitat type description
area (km2) total

433,931 15 Mosaic grassland, shrubland, forest, Mosaic vegetation (grassland/shrubland/forest) (50-70%) /   
cropland cropland (20-50%)

421,524 14 Grassland, savannas Closed to open (>15%) herbaceous vegetation 
(grassland, savannas or lichens/mosses)

330,763 11 Rainfed croplands Rainfed croplands

324,984 11 Mosaic cropland, grassland,  Mosaic cropland (50-70%) / vegetation 
shrubland, forest (grassland/shrubland/forest) (20-50%)

321,816 11 Closed to open shrubland Closed to open (>15%) (broadleaved or needleleaved, 
evergreen or deciduous) shrubland (<5m)

224,168 8 Bare areas Bare areas

211,881 7 Open grassland open (<40 %) grassland

198,573 7 Sandy desert Non-consolidated bare areas (sandy desert)

166,412 6 Mosaic forest, shrubland, grassland Mosaic forest or shrubland (50-70%) / grassland (20-50%)

106,120 4 Sparse vegetation Sparse (<15%) vegetation

92,129 3 Consolidated bare areas Consolidated bare areas (hardpans, gravels, bare rock, stones,  
boulders)

65,598 2 Open forest/woodland Open (15-40%) broadleaved deciduous forest/woodland (>5m)
17,873 1 Grassland or woody vegetation Closed to open (>15%) grassland or woody vegetation on 

regularly flooded regularly flooded or waterlogged soil - Fresh, brackish or 
saline water

16,331 1 Water bodies Water bodies

7,379 <1 Closed forest or shrubland flooded Closed (>40%) broadleaved forest or shrubland permanently 
flooded - Saline or brackish water

6,514 <1 Broadleaved evergreen or Closed to open (>15%) broadleaved evergreen or 
semi-deciduous forest semi-deciduous forest (>5m)

1,958 <1 Mosaic grassland, forest, shrubland Mosaic grassland (50-70%) / forest or shrubland (20-50%) 

1,219 <1 Urban areas Artificial surfaces and associated areas (Urban areas >50%)

71 <1 Post-flooding or irrigated croplands Post-flooding or irrigated croplands (or aquatic)

17 <1 Sparse grassland Sparse (<15%) grassland

10 <1 Closed to open deciduous shrubland Closed to open (>15%) broadleaved deciduous shrubland 
(<5m)

10 <1 Closed forest Closed (>40%) broadleaved evergreen and/or 
semi-deciduous forest (>5m)

4 <1 Closed grassland Closed (>40%) grassland

3 <1 Saltpans Salt hardpans

2,949,289 100 Sum
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Kernel estimates of raptor home range size using
ARGOS satellite telemetry datasets

Christiane Trierweiler

Box D

Animal home ranges can be estimated using telemetry data, for instance
cross-localisations or visual fixes of radio-tagged birds. Location fixes
may also be calculated via satellites, using ARGOS satellite transmitters,
GPS loggers or GPS satellite transmitters. ARGOS satellite data are prone
to potentially large errors. When birds range in distant and remote areas,
however, ARGOS satellite telemetry data may be the only available data
indicating the bird’s whereabouts. In this study, I discuss different
methods to estimate home range size from ARGOS data and compare the
results with ground radio telemetry home range estimates, to test
whether ARGOS estimates may be used to draw reliable, biologically rele-
vant conclusions.

I estimated kernel home range size from ARGOS satellite telemetry
datasets in a diurnal raptor, Montagu’s harrier Circus pygargus. Results
using smoothing parameter h according to likelihood Cross-Validation
(CVh) and Least Squares Cross-Validation (LSCVh) were compared. Three
ARGOS datasets were used, differing in strictness of filtering by the
Douglas ARGOS filter previous to analysis. The most consistent home
range estimates were achieved using CVh as smoothing parameter in a
strictly filtered dataset containing daily fixes.

50% kernel home range size estimates from satellite data were in the
same order of magnitude as 90% estimates from ground radio telemetry,
90% kernel home range estimates from satellite data were at least tenfold
larger. Whereas ground tracking may be biased towards home range size
underestimation, satellite telemetry location errors may lead to overesti-
mates of home range size. Most reliable and relevant conclusions from
satellite data can probably be drawn rather from relative than absolute
differences in home range sizes. Moreover, home range contours deter-
mined from ARGOS satellite telemetry data are useful for intersection
with digital maps, when the use of separate location fixes would intro-
duce a bias due to location fix errors.

Abstract



Introduction

The range animals use during certain time periods in their annual cycle can be esti-
mated using telemetry data (Kenward 2000). Telemetry means that the location of
the animal is estimated from a distance. A collection of location fixes is used to
calculate the range where the animal lives during a certain time period, for instance
during the breeding season, representing its home range for that period (White &
Garrot 1990). Location fixes of an animal can for instance be collected by cross local-
isations or visual detection of radio-tagged animals using hand-held antennas, as
well as by automated registration using ground receiver stations (Kenward 2000,
chapter 3, 4). In recent decades, more sophisticated techniques became available, for
instance data-loggers using GPS (Global Positioning System) location fixes. For large
scale tracking, satellite telemetry is an especially rewarding method, as animal-
borne transmitters do not need to be tracked by researchers from the ground;
neither need the study animals be recaptured to retrieve the data (Meyburg & Fuller
2007). Satellite transmitters are available as ARGOS Platform Transmitter Terminals
(PTTs) that are tracked by satellites localising the transmitter by the Doppler shift of
its radio signals (CLS, France, see box B), or as GPS PTTs, which are tracked by
ARGOS as well as GPS signals. The most important advantage of ARGOS PTTs is that
they can be more light-weight than GPS PTTs, the most important disadvantage is
that ARGOS location fixes are prone to much larger errors (up to many km) than GPS
fixes (up to several m; Hays et al. 2001, Soutullo et al. 2007, Pfeiffer & Meyburg
2009, box B).

The large errors inherent to ARGOS location fixes make these telemetry data not
the most suitable for home range calculations. When birds range in distant and
remote areas, however, ARGOS satellite telemetry data may be the only available
data indicating the birds’ whereabouts. In such a case, the question is whether the
data can be used to draw reliable conclusions. 

In our study animal, the migratory diurnal raptor Montagu’s harrier Circus
pygargus, ground radio-tracking in the Sahelian wintering areas is hardly possible
and no data but ARGOS satellite location fixes are currently available for character-
ising winter movement patterns. To determine which data filtering procedure and
which home range estimation method would yield satisfactory results using these
data, we investigate surface area and consistency of ARGOS home range estimates of
individual Montagu’s harriers in the NW-European breeding grounds. These esti-
mates are validated by comparison with home range estimates of Montagu’s harriers
that were ground radio-tracked in the same geographical area (chapter 3).

Methods

Montagu’s harriers that were satellite-tracked in this study were tagged in the
northern Netherlands, northern Germany and southern Denmark (chapter 6). We
deployed solar ARGOS satellite transmitters as a backpack, either of 9.5 g or of 12 g
weight (PTT-100 series, Microwave Telemetry Inc., Columbia, MD, US). 9.5 g PTTs
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were programmed on 10:48 h on:off cycles, 12 g PTTs either on a 10:48 h cycle or a
6:16 h cycle (chapter 6). Breeding season home ranges (HR) based on ARGOS satellite
data were analysed for three adult female Montagu’s harriers (two birds with one
breeding season track, one with three), two juvenile males (each with one track) and
one adult male (with four tracks).

For ground-tracking, a 4.7 g tailmount radio-transmitter (Advanced Telemetry
Systems Inc., Minnesota, US) was used to track the bird by car and gather visual
fixes (chapter 3). Radio signals were picked up with ATS-100 Fieldmaster receivers
and three-element hand-held yaggi antennas. The ground radio-tracked Montagu’s
harriers were 10 males (2 with 2 breeding season tracks) breeding in the Nether-
lands.

For the kernel home range analyses, Hawth’s Analysis Tools 3.27 (www.spatiale-
cology.com) were used in the ESRI ArcMap 9.3.1 (ESRI Inc.) Geographical Informa-
tion System. The smoothing parameter h used in kernel home range analyses of
satellite data was chosen either according to the likelihood Cross-Validation (CV) or
to the Least Squares Cross-Validation (LSCV) method (Horne & Garton 2006). CVh
and LSCVh were both calculated by program Animal Space Use 1.3 (Horne & Garton
2007). The smoothing parameter href used for analysis of radio telemetry data was
calculated by Hawth’s Tools.

Three different satellite datasets were analysed: (i) a strictly filtered ARGOS
satellite telemetry dataset including all fixes (“all 2km”, the Douglas ARGOS Filter
minimum redundant distance [MRD] threshold was set at 2 km), (ii) a strictly filtered
dataset including one fix per day (“daily 2km”, MRD threshold set at 2 km), and (iii) a
less strictly filtered dataset including daily fixes (“daily 5km”, MRD threshold set at
5 km). Statistical analyses were conducted in SPSS 16 (SPSS Inc.). Averages are
presented including ±1 s.e.

Results

Average sample size per satellite track (bird per season) was 28 ±7 (“all 2 km”
dataset), 16 ±4 (“daily 2 km”) and 23 ±6 (“daily 5 km”) location fixes. Differences in
average sample size between these datasets were not statistically significant
(Oneway ANOVA, F = 1.5, df = 2, p = 0.2). The h parameter was significantly
smaller (less smooth) using LSCV than CV in the satellite data (fig. D.1). Parameter h
differed significantly between tracks (F = 5.5, df = 6, p < 0.0001), whereas the
choice of dataset (fig. D.1) and sample size per track (F = 0.8, df = 15, p = 0.7) did
not have significant effects on h.

50% and 90% HR sizes based on satellite data were significantly influenced by
choice of smoothing parameter h (CVh or LSCVh) and were significantly different
between tracks (fig. D.2, D.3; track: 50% contour, F = 8.1, df = 6, p < 0.0001, 90%
contour: F = 5.8, df = 6, p = 0.001). Dataset and sample size had no significant
effect on HR size (fig. D.2, sample size: 50% contour, F = 0.8, df = 15, p = 0.7; 90%
contour, F = 0.8, df = 15, p = 0.7). Standard errors of HR size based on LSCVh were
relatively large compared to those of HR size based on CVh in the “daily 2 km” and
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“daily 5 km” satellite datasets (fig. D.2). Standard errors of HR size were relatively
large based on both LSCVh and CVh in the “all 2 km” dataset (fig. D.2).

LSCV HR were more fragmented than CV HR. They consisted of a significantly
higher number of separate HR fragments (5-6 vs. 1–2 fragments on average; 50%
contour, F = 11.9, df = 1, p = 0.002; 90% contour, F = 21.8, df = 1, p < 0.0001, see
for instance fig. D.3 track Franz4). From visual inspection, it appears that the higher
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number of fragments produced by LSCV HR yields more satisfactory results than
CVh estimates when plausible outliers (reliable fixes far off all others) are included
for HR calculation (for instance fig. D.3, track Cathryn3). CV tends to produce rela-
tively large (overly smooth) h values in that situation. When small sample sizes are
used for HR estimates, overly large estimates may be produced by both CVh and
LSCVh (fig. D.4). At sample sizes >20, effects of sample size on HR size should be
negligible (fig. D.4).

For the analyses of ground radio-tracks, the smoothing parameter href was used,
because CVh and LSCVh yielded very conservative (small) HR sizes with these data.
A comparison of results from ground tracking and satellite tracking (dataset daily
2 km) shows that 50% kernel home range estimates from satellite tracking were of
the same order of magnitude as 90% home range estimates from ground tracking
(fig. D.5A-C; average kernel home range size from ground tracking using href: 50%,
8 ±1 km2; 90 %, 35 ±4 km2; from satellite tracking using CVh: 50%, 51 ±22 km2;
90%, 254 ±120 km2; from satellite tracking using LSCVh: 50%, 75 ±159 km2; 90%,
255 ±526 km2). 90% kernel home range estimates from ARGOS data were at least
tenfold larger than 90% ground tracking estimates. On the one hand, results from
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Figure D.3 Four example home ranges in the northeastern Netherlands/northwestern Germany of
an adult female Montagu’s harrier (Cathryn1-3, 3 breeding season tracks) and an adult male
(Franz4, 1 breeding season track) based on the “daily 5 km” dataset (see text). Sample size (denoted
by n) is the number of ARGOS satellite location fixes. 50% and 90% kernel home range size esti-
mates are given based on the smoothing parameters CVh and LSCVh (see text).



LSCV were often more conservative than from CV, and thereby often closer to
ground tracking estimates. On the other hand, LSCV home range estimates included
more outliers (overly large home range size), i.e. they were less consistent than CV,
and more sensitive to small sample size (fig. D.5B,C).

Conclusions

In ARGOS satellite data of Montagu’s harriers in their NW-European breeding areas,
relatively small average sample sizes per track remained after filtering. Stricter
filtering of ARGOS satellite data, for instance Douglas ARGOS filter MRD threshold
set at 2 km vs. 5 km, did not lead to a massive reduction in sample size in the
datasets including one fix per day. In general, even small sample sizes of location
fixes may result in meaningful conclusions on home ranges (Börger et al. 2006). The
choice of filtering procedure (more or less strict, but all relatively strict procedures)
did not have a significant effect on HR size. Standard errors of HR size using
datasets with one fix per day were smaller than of the dataset using all fixes. This
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Figure D.5 Home range size (50% and 90% kernel contours) of (A) 10 Montagu’s harriers (12
breeding season tracks) tracked by ground radio telemetry, analysed with smoothing parameter
href (chapter 3): (B) 3 harriers (6 breeding season tracks) tracked by ARGOS satellite telemetry
(dataset daily 2km), analysed with CVh and (C) 6 harriers (11 breeding season tracks) tracked by
ARGOS satellite telemetry (dataset daily 2 km), analysed with LSCVh. Sample size (number of
location fixes) is stated after each track name. Inset figures show sample size (number of fixes) vs.
90% home range size for (A) – (C). 
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means that usage of a  daily ARGOS dataset should lead to more robust conclusions
than the use of all fixes.

In kernel home range analyses of ARGOS data, the value of the smoothing param-
eter h depended heavily on the method chosen to determine it: CV or LSCV, the latter
resulting often in substantially smaller values of h and consequently more frag-
mented home ranges and smaller home range sizes. As the choice of h had a large
effect on HR size, method (CV vs. LSCV) was, next to differences between tracks, i.e.
potentially biological differences, the most important factor determining HR size.
Most reliable results should consequently be achieved using estimates resulting
from the same method for comparative studies.

The most robust estimates of HR size were produced by the CV method in the
daily datasets. For both the CV and the LSCV method, a minimum of ca. 20 fixes
should be used in HR calculations to avoid overly large HR estimates (fig. D.4, D.5C).
When plausible outliers are included in kernel HR calculation, LSCVh as smoothing
factor seems to yield more satisfactory results than CVh.

50% kernel home range size estimates from ARGOS satellite data were in the
same order of magnitude as 90% home range estimates from ground radio telemetry,
90% home range estimates from satellite data were at least tenfold larger than radio
telemetry estimates. During ground radio-tracking, far excursions of the bird are
difficult to detect, as the detection probability near the outer home range contours is
low (a larger surface area has to be covered by the observers than close to the centre
of the home range). Satellite telemetry location fix errors may lead to very large
home range size estimates. A pilot study using GPS loggers on Montagu’s harriers in
the NW-European breeding areas indicates that home range size estimates from
ground radio-tracking must be underestimates, seen the far excursions recorded by
the GPS (chapter 9). It remains to be investigated whether home range size estimates
from ARGOS data are overestimates.

We conclude that using ARGOS satellite telemetry data, it is probably most
meaningful to interpret relative differences in HR size, not drawing strong conclu-
sions from absolute size. In our case, ARGOS home range estimates are at this time
the best available indications of Montagu’s harriers whereabouts on the wintering
grounds. ARGOS home range estimates are useful for spatial analyses involving
intersection with digital maps of for instance land cover to determine habitat selec-
tion (Limiñana et al. 2008, chapter 7): as home ranges are based on a number of
satellite fixes, we think they are more reliable and more suitable for studies of
habitat selection than the use of separate location fixes, which may be prone to
considerable error.

Acknowledgements
Many thanks to David Douglas for filtering the ARGOS satellite telemetry data and useful advices

concerning home range analyses. Thanks to Eelke Folmer and Jorna Arisz for help with GIS

analyses.

169Home range size using ARGOS data





Synthesis

Part IV



It is important never to relax, however far you have come

- Paulo Coelho -


